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One of the main characteristics of computer appliances for processing real-time information is reliability. 

The reliability of software is understood as the property of this software to perform specified functions, maintaining 

its characteristics within the established limits under certain operating conditions. 

Software reliability is determined by its reliability and recoverability. 

Reliability of software is a property to maintain its performance when using it for processing information in the in-

formation system. The reliability of the software is estimated by the probability of its operation without failures under 

certain environmental conditions during a given observation period. 

The development of real-time systems requires a large amount of resources for design and testing. One of the solu-

tions to this problem is mathematical modeling of computer appliances. This allows more flexible design of real-time 

systems with the specified reliability, taking into account the limitations on price and development time, and also opens 

the possibility of more flexible optimization of computer appliances for real-time control systems. 

To develop a mathematical model of the reliability of computer appliance for real-time systems, it is necessary to 

take into account the provision of a given level of reliability, with reasonable development costs. 

There are many methods for improving software reliability, but the most promising and effective methods are re-

dundancy, which is achieved using N-version programming. 

To increase the reliability of the hardware of the computer appliance, it is also necessary to use redundancy and re-

dundancy, which includes multiprocessor and provision of different buses and independent RAM. 

This paper discusses existing approaches to improving the reliability of hardware and software, proposes a model 

of reliability of a computer appliance, which is understood as the product of the probability of failure-free operation of 

hardware and the probability of error-free operation of software. 

In addition, new formulas are proposed for the steady state probabilities of the hardware states of a multiprocessor 

computer appliance with heterogeneous processors, which give the same result as the existing ones, but require fewer 

computations. 

The paper concludes with a question about the possibility of optimizing the reliability of computer appliances based 

on the developed model, and indicates optimization methods that can be used to solve this problem. 

 

Keywords: reliability, software reliability, real-time systems, mathematical model, multiversion programming. 
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Одной из главных характеристик аппаратно-программных систем обработки информации реального вре-
мени является надёжность. 
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Под надёжностью программного обеспечения (ПО) понимается свойство этого обеспечения выполнять 
заданные функции, сохраняя свои характеристики в установленных пределах при определённых условиях экс-
плуатации. 

Надёжность ПО определяется его безотказностью и восстанавливаемостью. 

Безотказность ПО – это свойство сохранять работоспособность при использовании его для обработки 

информации в информационной системе. Безотказностью программного обеспечения оценивается вероят-

ность его работы без отказов при определённых условиях внешней среды в течение заданного периода наблю-

дения. 
Разработка и проектирование систем реального времени требует большого количества ресурсов на проекти-

рование и тестирование. Одним из решений данной проблемы является математическое моделирование аппа-

ратно-программных комплексов. Это позволяет более гибко проектировать системы реального времени  

с заданной надёжностью с учётом ограничений по цене и времени разработки, а также открывает возмож-

ность более гибкой оптимизации аппаратно-программных систем реального времени. 

Для разработки математической модели надёжности аппаратно-программного комплекса систем реаль-
ного времени необходимо учитывать обеспечение заданного уровня надёжности при целесообразных затра-

тах на разработку. 
Существует много методов повышения надёжности программного обеспечения, но наиболее перспектив-

ный и эффективный метод – это избыточность, которая достигается за счёт использования мультивер- 

сионного программирования. 
Для повышения надёжности аппаратной части комплекса также необходимо использовать избыточность 

и резервирование, что включает в себя мультипроцессорность и обеспечение разных шин и независимой опе-
ративной памяти. 

В данной статье рассматриваются существующие подходы к повышению надёжности аппаратного  

и программного обеспечения, предлагается модель надёжности аппаратно-программного комплекса, которая 
понимается как произведение вероятности безотказной работы аппаратного обеспечения и вероятности без-
ошибочной работы программного обеспечения. 

Кроме того, предлагаются новые формулы для вероятностей состояний аппаратного обеспечения много-

процессорного вычислительного комплекса с разнородными процессорами в установившемся режиме, дающие 
тот же результат, что существующие, но требующие меньше вычислений. 

В заключении статьи ставится вопрос о возможности оптимизации надёжности аппаратно-

программных комплексов на основе построенной модели, указываются методы оптимизации, которые могут 

быть использованы при решении данной задачи. 

 

Ключевые слова: надёжность, программное обеспечение, системы реального времени, математическая 
модель, мультиверсионное программирование. 

 

Introduction. Reliability is one of the main character-

istics of real-time hardware and software systems for 

processing information [1–3]. 

Reliability of software is understood as the ability of 

this software to perform specified functions, while main-

taining its characteristics within established limits under 

certain operating conditions. 

The reliability of the software is determined by its 

faultlessness and recoverability. Faultlessness of software 

is a property to maintain operability when using it to 

process information in an information system (IS). The 

faultlessness of the software is the probability of its op-

eration without failures under certain environmental con-

ditions during a given observation period. 

Real-time systems development requires a lot of de-

sign and testing resources. One of the solutions to this 

problem is mathematical modeling of hardware and soft-

ware systems. This allows for more flexible design of 

real-time systems with a given reliability, taking into ac-

count the limitations on price and development time, and 

also opens up the possibility of more flexible optimization 

of hardware and software complexes of real-time control 

systems. 

With the development of processing power, evolu-

tionary algorithms and neural networks, such models are 

becoming increasingly relevant. 

To develop a mathematical model of the reliability of 

the hardware and software complex of real-time systems, 

it is necessary to take into account the provision of a 

given level of reliability with reasonable development 

costs. 

Reliability of the software. The reliability of the soft-

ware architecture includes both the reliability of the cen-

tral system core and the reliability of the individual com-

ponents provided to the user. Failure of an individual 

component can lead to the inoperability of this and, possi-

bly, other software components. However, this should not 

lead to the inoperability of the entire system as a whole. A 

thorough analysis of the software architecture allows to 

identify the components, the errors in which have the 

most significant impact on the reliability of the system. 

Generally, these are the components most commonly used 

or architecturally related to many other components. 

There are a lot of methods for increasing the reliability of 

software [4; 5], but currently only the multiversion fault-

tolerant programming approach is a possible alternative to 

testing and verification methods, providing a high level of 

reliability of critical software functioning [6]. It is impor-

tant to realize that verification does not guarantee correct-

ness, since the specifications and / or verification systems 

themselves (like any other software) may contain errors. 
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The use of decision support systems in multiversion 
programming allows us to focus on the quality of re-
quirements at the stage of creating reliable software. 
However, improving software reliability characteristics 
using redundancy requires additional time and financial 
resources. Therefore, the main question at this stage is 
how, using redundancy in the software architecture, to 
maximize reliability and reduce development costs. This 
area includes methods of multicriteria decision making, 
focusing on problems with a discrete decision space. Tak-
ing into account different levels of information about the 
expert's preferences, a variety of methodologies for mul-
ticriteria decision support have recently been developed. 
The use of various methods for determining the depth of 
multiversion and multi-criteria decision-making when 
choosing an architecture makes it possible to design a 
software system that meets the requirements. 

Depending on the number and size of the components, 
the conditional and unconditional probabilities of failure, 
access, analysis and recovery time, as well as the usage 
time of the components, are different. The model [7], 
given below, can be used to assess the reliability of soft-
ware for possible architectural changes, select a reliable 
architecture from various options and has the following 
designators: 

1) М – number of architectural levels in software ar-
chitecture; 

2) Nj – number of components at level j, j  {1, ..., M}; 
3) Dij – set of component indices depending on the 

component i at level j, i  {1, ..., Nj}, j  {1, ..., M}; 
4) Fij – a failure that occurred in a component i at 

level j, i  {1, ..., Nj}, j  {1, ..., M}; 
5) PUij – probability of using component i at level j,  

i  {1, ..., Nj}, j  {1, ..., M}; 
6) PFij – probability of a failure in a component i  

at level j, i  {1, ..., Nj}, j  {1, ..., M}; 
7) PLij

nm – the conditional probability of a failure in 
component m at level n when a failure occurs in a compo-

nent i at level j, i  {1, ..., Nj}, j  {1, ..., M}, n  {1, ..., Nm}, 

m  {1, ..., M}; 
8) TAij – relative access time to the component i at 

level j, i  {1, ..., Nj}, j  {1, ..., M}, defined as the ratio 
of the average access time to component i at level j to the 
number of failed components at small levels of architec-
ture for the same time; 

9) TCij – relative time to analyze failure in component 

i at level j, i  {1, ..., Nj}, j  {1, ..., M}, defined as the 
ratio of the average time of failure analysis in component 

i at level j, i  {1, ..., Nj}, j  {1, ..., M}, to the number of 
faulty components at all levels of the architecture ana-
lyzed at the same time; 

10) TEij – the relative time to resolve a failure in 

component i at level j, i  {1, ..., Nj}, j  {1, ..., M},  
defined as the ratio of the average recovery time in com-

ponent i at the level j, i  {1, ..., Nj}, j  {1, ..., M}, to the 
number of failed components at all levels of the architec-
ture, in which failures are eliminated at the same time; 

11) TUij – relative usage time of component i at level j, 

i  {1, ..., Nj}, j  {1, ..., M}, defined as the ratio of the 

average use time of component i at the level j, i  {1, ..., Nj}, 

j  {1, ..., M}, to the number of components at all levels 
of the architecture used at the same time; 

12) TR –average system downtime in a large real-

time software architecture, defined as the time during 

which the system is unable to perform its functions; 

13) MTTF (Mean Time to Failure) –the average time 

to failure in a large real-time software architecture, de-

fined as the time during which no system failures occur. 

In the architecture of real software, the average time 

for the appearance of a failure, that is, the time during 

which the software functions correctly, is [7]: 

1 1

( 1)&( ) 1

( 1)&( ) 1

{ (1 ) [

[(1 )[ [(1 ) ]]]

[(1 ) [ [(1 )

[ [(1 ) ]]]]]]}.

j

m

nm

m

ij

j M i N

ij ij ij

j i

m M n N
ij nm
nm nm lm lm

m m j n l D

m M n N
ij kj

kj nmkj
k D m m j n

nm
nm lm lm

l

MTTF PU PF TU

PL TU PL TU

PL TU PL

TU PL TU

 

 

 

   

 

   



    

     

    

   

 

  

  

nmD



 

The average downtime (recovery) of the software  

is [7]: 
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Average system downtime and average failure time 

can be used to predict the reliability of software in gen-

eral. For the case of continuous operation of complex 

software (and for a real-time system, this is the most 

likely mode of software operation), the reliability of the 

software can be estimated using the availability factor S, 

calculated by the following formula: 

MTTF
S

MTTF TR



. 

The availability factor can be interpreted as the prob-

ability of correct software functioning. 

The main approach to increasing the reliability of soft-

ware, which is subject to increased requirements for con-

tinuity and correct functioning, is multiversion develop-

ment, that is, the creation by independent developers of 

several versions of a software component that correspond 

to the same specifications, but differ in implementations. 

The software architecture should provide for a mechanism 

for forming the overall result of the operation of this 

software component based on the results of the work of 

each individual version. In [8], two main methods of 

building architecture when using multiversion develop-

ment are given, which are abbreviated as NVP and RB. 
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When building a multiversion component from K versions 

by the multiversion programming method (NVP,  

N-version programming) for any K, the reliability  

is equal to: 

1 (1 )
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where pv

ij – probability of failure of the voting algorithm 

for component i at level j, Zij – many versions of this 

component, and pk
ij is probability of failure of version 

kZij. 

When building a multiversion component from K ver-

sions using the recovery block (RB, recovery block) 

method, the reliability is: 
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where pAT

ij – the probability of failure-free operation of 

the acceptance test for component i at level j, pk
ij is prob-

ability of failure of version kZij. 

The last two formulas can be used to calculate the 

probabilities of failure of software components: 

1ij ijPF R  . 

Hardware reliability. To increase the reliability of 

the hardware part of the complex, it is also necessary to 

use redundancy and reservation, which includes multi-

processing and the provision of different buses and inde-

pendent RAM. 

Each processor and bus fail at some random points in 

time, after which they begin to recover. Let us assume 

that the flows of failures and recoveries are the simplest. 

The bus failure rate is denoted as ν0, the bus recovery rate 

is 0. The rate of processor failure streams is denoted  

by νi, and the rate of recovery of processors of the i type 

is i. 

Probability Pj0,j1,…,jN finding the system in a state in 

which j0 шин интерфейса исправны и участвуют в вы-

числительном процессе, а (m0 – j0) неисправны и вос-
станавливаются interface buses are in good working 

order and participate in the computational process, and 

(m0 – j0) are faulty and are being recovered, j1 type 1 

processors are operational and participate in the computa-

tional process, and (m1 – j1) faulty and are recovering, ..., 

jN processors of N type are proper and participate in the 

computational process, and (mN – jN) are faulty and are 

recovered, is determined by the following formula [9; 10]: 
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where 
0

N

i

i=

k = m , and the summation in the denominator 

is carried out over all possible values of the indices 

j0,…,jN (this will be implied in all subsequent similar 

formulas). In addition, the following designation  

is used: 

i
i

i

ν
=


. 

The formula for the probabilities of states in a station-

ary mode can be simplified. First, we can shorten k! in the 

numerator and denominator, and also combine the works 

in the numerator and denominator: 
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Now let's rewrite the denominator so that first the 

summation is performed, and then the multiplication: 

 

 

0

0 1

00

! ρ
! !

., ,…,

ρ
! !

N
ji i
i

i i ii=

j mNN i
ji i
i

i i ij =i= i

m

m j j
P =j j

m !

m j j








 

Each of the sums in the denominator is now the multi-

plication of the binomial coefficient and the correspond-

ing power of a fixed value, and therefore can be simpli-

fied using the Newton binomial formula as follows [11]: 
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Thus, we finally obtain the following expression for 

the probabilities of the hardware states in the steady state: 
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Simplified formulas contain fewer values than the 

original ones, and, therefore, allow to avoid performing 

some unnecessary operations (for example, multiplying 

both the numerator and the denominator by k!, which ob-

viously does not affect the value of the expression) and 

require significantly fewer operations to calculate the 

value of the denominator than the original formulas given 

in [9; 10]. 

Knowing the minimum hardware configuration re-

quired for the real-time system software to generate con-

trol action within the intervals required by the customer, 

the reliability of the hardware can be calculated. Indeed, if 

the number of trouble-free operating memory buses and 

processors exceeds the minimum required, then “redun-

dant” software components can be considered as a re-

serve. Then the reliability of the hardware of the real-time 

control system, understood as the probability of ensuring 

the minimum required performance of the hardware, can 

be calculated as the sum of the probabilities of finding the 

hardware in states in which the number of trouble-free 
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operating memory buses and processors exceeds the 

minimum required number: 

0cp , 1

0 0 0

j j , , jN
M j m

M j mN N N

G = P ,
 


 

  

where M0 is the minimum number of proper memory 

buses required to ensure a given performance, Mi is the 

minimum number of serviceable processors of the i type 

required to ensure the specified performance. 

The formula for Gcp involves calculating the probabili-

ties of different states of hardware with different values of 

the indices j0, j1, …, jN. In this case, it is not advisable to 

repeat the calculations that have already been performed. 

For example, the denominator of all formulas has the 

same value, and, therefore, it is sufficient to calculate it 

once. 

In addition, since it is required to compute states with 

sequential values of the indices, one can use the following 

recurrent formulas for the degrees and binomial coeffi-

cients, following from the definitions of the degree and 

factorial: 
1ρ ρ ρj ji i

i i i
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These ratios allow to calculate the probabilities for 

states with sequential index values with a minimum num-

ber of additional operations: 
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From this ratio, elementary transformations can be 

used to obtain the formula for "decreasing the index": 
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Since the simplest form of the formula for the prob-

abilities of states is taken in cases when all buses and 

processors are in proper order, or when all of them are in 

bad order, it is advisable to start calculating Gcp with the 

probability of a state in which all buses of the RAM and 

processors are working correctly: 
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and then, using the "decreasing indices" formulas, se-

quentially calculate the remaining required state prob-

abilities. 

Another opportunity for improvement opens up if the 

minimum configuration that provides a given perform-

ance includes fewer hardware components than half of the 

components present in the system. In this case, you can 

calculate the sum of the probabilities of states in which 

the performance is not sufficient to generate a control 

action within the given time constraints, and then calcu-

late the required probability as the probability of the  

opposite event [12]: 
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When calculating using this formula, one should start 

with the probability of a state in which all RAM buses 

and processors are faulty: 
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and then use the index increase formulas obtained above. 

Reliability model of hardware and software com-

plex. Finally, using the above considerations, we can 

combine software and hardware reliability models into a 

general reliability model of a multiprocessor hardware-

software complex of a real-time control system with mul-

tiversion software. 

Due to the abstract nature of software and the negligi-

ble probability of errors during its copying and distribu-

tion (in addition, the integrity of the software can be 

checked using mechanisms such as checksums), it can be 

considered that hardware and software failures occur in-

dependently. 

Therefore, the probability of simultaneous failure-free 

operation of the hardware-software complex is equal to 

the product of the probabilities of failure-free operation of 

the software and hardware [12]: 

cpFP = G S . 

Conclusion. Thus, we have obtained a model for cal-

culating the reliability of multiprocessor hardware and 

software systems of real-time systems with heterogeneous 

processors and multiversion software, using queuing the-

ory and reliability theory, which allows to consider many 

architecture options in a short time and without significant 

costs typical for constructing experimental samples and 

reliability assessment by organizing trial operation. 

The proposed mathematical model can be used to 

automate the design of multiprocessor hardware and 

software systems. In practice, they strive to ensure that 

the projected real-time control system has the highest 

possible reliability, provided that the costs of its creation 

and operation do not exceed the allocated funds. Thus, we 

come to the problem of conditional or multicriteria opti-

mization, in which the objective function is expressed in 

terms of the probabilities of states calculated within the 

framework of the proposed model. Despite the fact that 

there are analytical expressions for the reliability indica-

tors of a multiprocessor hardware-software complex,  

this optimization problem has a number of inconvenient 

features: the variables being optimized are discrete, the 

presence of a single extremum and properties convenient 

for optimization (convexity) is not guaranteed, and the 

volume of the search space is growing rapidly with an 

increase in the number of processor types. 



 

 
 

Информатика, вычислительная техника и управление 
 

 301

When solving such optimization problems, evolution-

ary optimization methods, for example, a genetic algo-

rithm [13], a probabilistic genetic algorithm [14] or an 

asymptotic probabilistic genetic algorithm [15], as well as 

some other “nature-inspired” optimization methods, for 

example, the particles swarm method [16]. The disadvan-

tage of evolutionary optimization methods is that they 

have a large number of tunable parameters that can sig-

nificantly affect the quality of the solutions found. More-

over, different sets of parameters can be effective for dif-

ferent optimization problems. Thus, the use of evolution-

ary optimization methods requires, as a rule, experimenta-

tion and the involvement of a specialist in the field of 

evolutionary optimization methods. 

In order to exclude the stage of selecting an effective 

combination of parameters, self-tuning can be used [17; 

18]. Self-adjusting optimization methods use several sets 

of parameters, computing resources (for simplicity, we 

can assume that this is the number of calculations of the 

objective function) which are distributed depending on 

the quality of the solutions obtained with their help. At 

the beginning of the optimization process, all parameter 

sets receive the same resources. Then the sets of parame-

ters that generate the best solutions receive additional 

computing resources due to those that perform worse. 

There is a certain lower bound for the allocated resources, 

this is done so that any set of parameters can manifest 

itself in the future when conditions change, since different 

stages of optimization may require different values of 

parameters. 

The study of the effectiveness of these optimization 

methods in solving the problem of optimizing the reliabil-

ity of multiprocessor hardware and software complexes of 

real-time control systems with multiversion software and 

dissimilar processors is a possible direction for further 

research. 
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SOLVING BOUNDARY VALUE PROBLEMS OF EQUATIONS OF TWO-DIMENSIONAL  

ELASTICITY THEORY USING CONSERVATION LAWS 
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The plane problem for elasticity equations is well studied. It can be explained by its importance for applications and 

by the fact that the equations can be reduced to the Cauchy-Riemann system. In spite of this importance, exact solutions 

that would describe the stress-strain state of bodies of finite dimensions are not numerous. Conservation laws for 

differential equations have been appeared more than a hundred years ago, but, as a rule, they were not used to solve 

specific problems, but were of purely academic interest. The situation changed with the development of the technique of 

construction of conservation laws for arbitrary systems of differential equations, and then with the use of conservation 

laws to solve boundary value problems of the theory of plasticity and elastic-plasticity. In this article, new conservation 

laws are constructed for the equations of the plane theory of elasticity in the stationary case. These laws form an infi-

nite series, which is closely related to the elasticity equations solving. This fact made possible to reduce solving of 

boundary value problems, in terms of displacements, to the calculation of contour integrals along the boundary of a 

domain bounded by the studying elastic body. As it follows from the proposed technique, the studied area can be 

multiply connected, and the considered boundary can be piecewise-smooth. 

 
Keywords: conservation laws, boundary value problem, elasticity equations. 

 

РЕШЕНИЕ КРАЕВЫХ ЗАДАЧ УРАВНЕНИЙ ДВУМЕРНОЙ ТЕОРИИ УПРУГОСТИ  

С ПОМОЩЬЮ ЗАКОНОВ СОХРАНЕНИЯ 

 

Б. Д. Аннин1,  С. И. Сенашов2*, О. В. Гомонова2 
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Плоская задача для уравнений упругости достаточно хорошо изучена. Это объясняется ее важностью для 
приложений и тем, что уравнения сводятся к системе Коши – Римана. Несмотря на это, точных решений, 

которые описывали бы напряженно-деформированное состояние тел конечных размеров, не так много.  

Законы сохранения для дифференциальных уравнений появились более ста лет назад, но, как правило, они не 
использовались для решения конкретных задач, а представляли «чисто академический» интерес. Ситуация 
изменилась с развитием техники построения законов сохранений для произвольных систем дифференциальных 
уравнений, а затем – с использованием законов сохранения для решения краевых задач теории пластичности  

и упруго-пластичности. В этой статье построены новые законы сохранения для уравнений плоской теории 

упругости в стационарном случае. Эти законы образуют бесконечную серию, которая тесно связана с реше-
ниями уравнений упругости. Именно этот факт позволил свести решение краевых задач в терминах переме-
щений к вычислению контурных интегралов по границе области, ограниченной изучаемым упругим телом.  

Из данной методики следует, что область может быть многосвязной, а граница – кусочно-гладкой. 

 

Ключевые слова: законы сохранения, краевая задача, уравнения упругости. 
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Introduction. Usually, the equations of two-

dimensional static elasticity are solved using the complex 

variable theory methods. These methods were developed 

by G. V. Kolosov and N. I. Muskhelishvili. The use of 

complex variable theory methods for solving elasticity 

problems requires a good knowledge of the complex vari-

able theory technique and, as a rule, is used for areas fac-

eted with smooth contours [1; 2]. This article proposes a 

method for solving the same problems using conservation 

laws. Apparently, for the first-time conservation laws for 

elasticity equations were calculated in [3; 4]. These calcu-

lations were based on the theorem of E. Noether. The 

found laws did not find any practical application and were 

of purely academic interest [5].  In [6–10] it is shown that 

conservation laws can be successfully used in solving 

boundary value problems of the theory of plasticity and 

elastic-plasticity. G.P. Cherepanov [11; 12] noticed that 

the complex variable theory methods used in solving 

plane problems actually go back to conservation laws. In 

the presented work, an endless series of new conservation 

laws was found. These conservation laws made it possible 

to obtain formulas with the help of which one can effec-

tively reduce the boundary value problems to quadratures. 

The latter are curvilinear integrals over a closed contour 

and can be easily solved numerically for given boundary 

conditions in displacements. 

1. Formulation of the problem. Consider the  

equations of two-dimensional elasticity in the stationary 

case 

1 ( 2 ) ( ) 0,xx xy yyF u v u          

2 ( 2 ) ( ) 0,yy xy xxF v u v               (1) 

where ,   are constants called Lamé parameters, u, v are 

components of the deformation vector, the indices below 

indicate the derivatives with respect to the corresponding 

components. 

Let us find conservation laws of a special form for (1). 

The conservation law for the system of equations (1) is an 

expression of the form 

1 2
1 2( , , , ) ( , , , ) ,x yA x y u v B x y u v F F          (2) 

where i  some functions of x, y, which are simultane-

ously not identically equal to zero. The magnitudes A, B 

will be called the components of the conserved current. 

We are looking for the components of the conserved cur-

rent in the form: 

1 1( 2 ) x yA u u      1 1 ,x yv v     

2 2
x yB u u   2 2 ,x yv v                 (3) 

where ,i i   are some functions depended on x, y only. 

Substitute expressions (3) into (2). As a result, one can 

obtain a polynomial of the first degree in the variables 

, , , , , , , , ,x y xx xy yy x y xx xy yyu u u u u v v v v v . Equating the 

coefficients at the derivatives in this polynomial to zero 

and taking into account that , , ,i i i i    are functions 

only from x, y, one can get after exclusion , 1, 2i i   

2 1 1 2 1

2 1 1 2 1

1 2 1 2

1 2 1 2

( ) , ,

( ) , ( 2 ) ,

( 2 ) 0, 0,

0, 0.

x y x y

x y x y

         

             

          

      

  (4) 

This implies: 
1 1 1

1 1 1

( 2 ) ( ) 0,

( ) 0,

x y y

x y y

         

       
               (5) 

1 1 1 10, ( 2 ) 0.x y y x            (6) 

Substituting (6) into (5) one can obtain 

1 1 1

1 1 1

( 2 ) ( ) 0,

( 2 ) ( ) 0.

xx xy yy

yy xy xx

          

         
    (7) 

It is obvious that (7), up to notation, coincides with 

system (1). Therefore, 1 1,   is an arbitrary smooth solu-

tion to the system of equations (1). From (3) taking into 

account (4), one obtains the conserved current 

1 1

1 1

( 2 )( ) ( ),

( 2 )( ) ( ),

x y x y

x y x y

A u v v u

B u v v u

         

         
       (8) 

where 1 1,   is arbitrary solution of the system of equa-

tions (1). 

2. Construction of solutions to the boundary value 

problem. It is known that 

1 1 2 0

1 1 2 0

2 1 2 0

1
( )

4(1 )

( ) ,

( ) ,

x

x

y

u G xG yG G

G xG yG G

v G xG yG G

    
 

   

   

             (9) 

is the solution to the system of equations (1). Here iG  are 

arbitrary harmonic functions, v  is Poisson's ratio, which 

can be expressed through the Lamé parameters. 

From (9) one gets 

1 2

1 2

( )(1 / 2),

.

x y x y

y x y x

u v G G

u v G G

   

    
          (10) 

Let 0 0,x y  be an arbitrary point of a domain   with 

a smooth boundary Г. Let us assume 

 1 2 2 2 2
0 0ln ( ) ( ) ln , 0.G x x y y r G       Then one 

obtains 

0 0

2 2
2 , 2 .x y y x

x x y y
u v u v

r r

 
            (11) 

From (2), by Green's formula, follows 

     
     

1 1

1 1

( )

2

2 0.

x y

Г

x y x y

Г

x y x y

A B dxdy Ady Bdx

u v v u dy

u v v u dx



    

           

          

 





     (12) 
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Now let the contour Г1 consist of two contours: Г and 

a circle of radius : 2 2 2
0 0( ) ( )x x y y     . 

Assuming in (12) instead of Г the contour Г1 and tak-

ing into account relation (11), one can obtain 

   
1

2 2 2
0 0

1 10 0

2 2

1 10

2

( ) ( )

( 2 )2 2

2 2

0.

Г

x y

Г x x y y

x x y y
dy

r r

x x
v u dx

r

   

           
 

          
 

  



 



 

     (13) 

Let's represent the equation of a circle in parametric 

form: 

0 0cos , sin , 0 2x x y y            . 

Then the last of the integrals in formula (13) will be 

written as follows: 

  

 
  

2 2 2
0 0( ) ( )

2
1 1

0

1 1

1
0 0

2 2 cos 2sin cos

( 2 )2cos 2sin sin

2 , ( 2 .

x x y y

d

d

x y

   





             

            

       







   (14) 

In formula (14), the mean value theorem was used. 

Finally, from (13) one obtains 

 

 

 

1 10 0

2 2

1 10 0

2 2

1
0 0

1

2 ( ( 2 )

2 2 2

2 2 2

, .

Г

x x y y
dy

r r

x x y y
dx

r r

x y




      

                   
    

                   
    

 



     (15) 

Assuming now in equations (10) 

 2 2 2 2 1
0 0ln ( ) ( ) ln , 0.G x x y y r G       In this 

case, similar reasoning and calculations give a formula  

for 
1

0 0( , ).x y  

One obtains 

 

 

 

1 10 0

2 2

1 10 0

2 2

1
0 0

1

2 ( ( 2 )

2 2 2

2 2 2

, .

Г

y y x x
dy

r r

y y x x
dx

r r

x y




      

                   
    

                   
    

 


  (16) 

Formulas (15), (16) make it possible to calculate 
1 1,   at any point 0 0( , )x y  in the area if the values of 

these functions are known on the boundary of Г. And 

since 1 1,   are a solution to equations (1), one can ob-

tain a method for constructing solutions to system (1) 

according to their boundary conditions. Namely, let  

the following boundary value problem be set: there is an 

area   with a boundary Г. On Г, the components of the 

displacement vector are given 

0 0| ( , ), | ( , ).Г Гu u x y v v x y    (17) 

Then, based on formulas (15), (16), the solution to 

problem (17) for the system of equations (1) can be writ-

ten in the form 

 

 

 

0 0
0 02 2

0 0
0 02 2

0 0 0

1

2 ( ( 2 )

2 2 2

2 2 2

, .

Г

x x y y
u v dy

r r

x x y y
v u dx

r r

u x y




      

                 
    

                 
    




   (18) 

 

 

 

0 0
0 02 2

0 0
0 02 2

0 0 0

1

2 ( ( 2 )

2 2 2

2 2 2

, .

Г

y y x x
u v dy

r r

y y x x
v u dx

r r

v x y




      

                 
    

                 
    



  (19) 

Conclusion. In the article, conservation laws that de-

pend on derivatives of the first order and linear on them 

are found. It is shown that two coefficients at the deriva-

tives are solutions of the elasticity equations in the plane 

case. This made it possible to reduce the solution of 

boundary value problems in displacements to the calcula-

tion of contour integrals along the boundary of the area. 

The proposed technique can be easily generalized to mul-

tiply – connected domains [13–15], as well as to the 

three-dimensional case. 
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INTERPRETATION OF ANT ALGORITHM FOR SOLVING THE PROBLEM  

OF THE TECHNICAL IMPACT PROGRAM CALENDAR PLANNING 

 

A. S. Lifar’ 

 

Reshetnev Siberian State University of Science and Technology 

31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

E-mail: Alifar15@mail.ru 

 

Many strategically important sectors of the domestic industry are at the stage of transition to an investment ap-

proach to asset management. One of these industries is hydropower, where the current maintenance planning system 

needs new methods to deliver more efficient results. In general, the planning system for the main equipment (technical 

impact system) maintenance and repair can be formulated as a scheduling problem. The ant algorithm is of great inter-

est from the point of view of solving the scheduling technical impact problem. Based on the specifics of planning, im-

plementation and factors affecting the maintenance process, a modification of the ant algorithm is proposed. The 

mathematical description is a methodology for calculating parameters, basic elements of the graph, optimization crite-

ria and constraints. A preparatory stage was also introduced into the solution algorithm, which determines the initial 

state of the equipment at the vertex K0. The functional model of the technical impact planning process presented in the 

article can be used to develop a software package within the framework of an innovative approach to asset manage-

ment for hydropower companies. 

 

Keywords: technical impact system, ant algorithm, scheduling. 

 

ИНТЕРПРЕТАЦИЯ МУРАВЬИНОГО АЛГОРИТМА ДЛЯ РЕШЕНИЯ ЗАДАЧИ КАЛЕНДАРНОГО 

ПЛАНИРОВАНИЯ ПРОГРАММЫ ТЕХНИЧЕСКОГО ВОЗДЕЙСТВИЯ 

 
А. С. Лифарь 

 

Сибирский государственный аэрокосмический университет имени академика М. Ф. Решетнева 
Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 

E-mail: Alifar15@mail.ru 

 

Многие стратегически значимые отрасли отечественной промышленности находятся на этапе перехода к 
инвестиционному подходу к управлению активами. Одной из таких отраслей является гидроэнергетика, где на 

текущий момент система планирования технического обслуживания и ремонта нуждаются в применении 

новых методов, дающих более эффективные результаты. В общем виде система планирования технического 

обслуживания и ремонта основного оборудования (система технического воздействия) может быть сформу-
лирована в виде задачи календарного планирования. Большой интерес с точки зрения решения задачи календар-

ного планирования технического воздействия представляет муравьиный алгоритм. На основе специфики  

планирования, реализации и факторов, влияющих на процесс технического обслуживания, предложена моди-

фикация муравьиного алгоритма. Математическое описание представляет собой методику расчета пара-

метров, основных элементов графа, критериев оптимизации и ограничений. В алгоритм решения также  
был введен подготовительный этап, который определяет начальное состояние оборудование в вершине K0. 

Функциональная модель процесса планирования технического воздействия, представленная в статье, может 

быть использована для разработки программного комплекса в рамках инновационного подхода управления  
активами гидроэнергетических компаний. 

 

Ключевые слова: система технического воздействия, муравьиный алгоритм, календарное планирование. 
 

Problem statement. General formulation of the prob-

lem. Many strategically important sectors of the domestic 

industry are at the stage of technical renewal of fixed as-

sets, which entails a transition to an investment approach 

to asset management [1]. First of all, this approach is fo-

cused on improving the accuracy of assessing the techni-
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cal condition of equipment, but it does not exclude the 

development of effective planning systems for technical 

impact – maintenance and repair of main equipment 

(hereinafter – MRO). 

One of these industries is hydropower, where an index 

system for assessing the state of the main hydropower 

equipment has been developed and adopted at the mo-

ment [2–4]. At the same time, the MRO planning system 

remains at the level of regulatory management, that is, 

scheduled preventive maintenance with a fixed overhaul 

interval. 

Thus, the existing principles of the formation of a 

MRO planning system based on data on the average oper-

ating time in hours for one calendar year, the standard 

turnaround time between overhauls and the calendar dura-

tion of the repair cycle [5; 6], are insufficient and require 

the use of new methods that provide more efficient re-

sults. 

Problem research statement. The features of MRO 

planning in hydropower include: 

– equipment repair planning should include the de-

velopment of long-term (from 5 years), annual and 

monthly plans for the main equipment repair; 

– the system of maintenance and repair should pro-

vide for three stages of equipment functioning: the stage 

of maintaining the operable state (maintenance), the stage 

of scheduled maintenance and the stage of scheduled 

overhaul; 

– high requirements for the regulation of repair work 

and terms, including due to the coordination of plans for 

repair work with SO UES JSC and its branches [7; 8]; 

– accounting of all operation resources, including 

material, labour and financial; 

– ensuring effective planning of repair works, on the 

one hand, for obsolete hydropower equipment in opera-

tion, on the other hand, for newly commissioned hydrau-

lic units. 

In general, the system for planning maintenance and 

repair of the main equipment of hydroelectric power 

plants is reduced to solving the problem of scheduling 

repairs of technological equipment of an enterprise.  

At present, the problem is fairly well-known, and differ-

ent methods are used to solve it: mathematical program-

ming, combinatorial methods, statistical and heuristic 

methods [9]. 

In this work, it was necessary to investigate the possi-

bility of adapting the ant algorithm method to automate 

MRO planning taking into account the specifics of the 

hydropower industry and to develop a functional model of 

the planning process, including the principles of an in-

vestment approach to asset management and automation 

of the MRO planning system. 

Mathematical model. Mathematical model. Let us 

formulate the mathematical problem setting of scheduling 

maintenance and repairs for the main equipment of hy-

droelectric power plants (hereinafter referred to as HPPs). 

In general, the ant colony optimization algorithm (ant 

colony optimization, ACO) is a heuristic that uses the 

idea of agents imitating the real behaviour of ants. Ants 

solve the problem of finding pathways to food with the 

help of chemical regulation – pheromones, which they 

leave in the path of movement. The more ants have 

passed along one path, the more pheromone, the sooner 

the ant will prefer this path to others. 

An analysis of the literature [9–15] devoted to meth-

ods for solving the scheduling problem allowed us to con-

clude that the ant algorithm is the most optimal, since it: 

– is quite effective with a small number of nodes; 

– less susceptible to suboptimal initial decisions; 

– allows you to analyze permutations of the same 

tasks within the same process. 

In the context of the considered task of adapting the 

ant algorithm, the following parameters were determined, 

on which the quality of the solution depends: 

1. The ρ coefficient affects the volatility of the 

pheromone. The coefficient takes values from 0 (no 

evaporation) to 1 (evaporates to the minimum level). 

2. Coefficients α and β affect the operation of the al-

gorithm, where α is the dependence on the level of 

pheramone, β is the dependence on the “quality” of the 

arc (weight of the arc), while: if α > β, then the frequency 

of use has a greater influence on the ant's choice of path; 

if α < β, then the quality of the next step (arc weight) has 

the greatest influence; if α = β, there is a balanced rela-

tionship between the quality of the track and the degree of 

its operation; if α = 0, then there is a heuristic based only 

on the quality of passage between successive points (ig-

norance of the pheromone level on the path); if β = 0, then 

there is a heuristic based only on the amount of phero-

mone (this is the path attendance factor); if α = β = 0, then 

the decision is made uniformly and regardless of the 

amount of pheromone or the quality of the next step [10]. 

Thus, having specified the amount of pheromone (τ) 
and the weight of the arc (V) for the k-th arc, the probabil-

ity of transition along the arc k takes the form: 

 
k k

k

k k

V
P

V





 


 
, 

where i-th step, i = 1,2,3,…К. 

According to [5], the objects of repair at hydroelectric 

power plants can be: equipment (hydraulic turbine, hy-

drogenerator, transformer, pump, electric motor, diesel, 

valve, device, etc.); installations (hydro-turbine, hydro-

generator, transformer). However, the concept of invest-

ment asset management singles out a hydraulic unit as a 

piece of equipment as a key object of management. Let us 

introduce a description of the set of hydroelectric units at 

hydroelectric power plants: 

{ }, 1,cG c cG  , 

where is the Gc – th hydroelectric unit at the HPP, с is the 

number of hydroelectric units. 

The planning period is on average 1, 5 or 10 years and 

will take the form: 

{1, }t T , 

where T is the duration of the planning period. Let us as-

sume that the minimum planning step is one year. 

As noted earlier, the main equipment of a hydroelec-

tric power station can be in three states: under mainte-

nance (MOT), under current repair (CR) or under over-

haul (TO); therefore, the vertex of the graph (K) will be 

characterized by one of three states (fig. 1). 
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The weight of the arc is determined by the aggregate 

indicator of the hydraulic unit, which characterizes the 

condition of the equipment when passing the peak К+1: 

 1k KV AI


 , 

where AIK is the cumulative indicator of the с-th hydraulic 

unit at the current step. 

 

 
 

Fig. 1. Solution search graph example 

 

Рис. 1. Пример графа поиска решения 

 
The aggregate indicator of the hydraulic unit is deter-

mined by the product of functional indicators characteriz-

ing different aspects of the repair process (see table),  

taking into account the weight determined by the method 

of expert assessments. 

   ТП ЭП* r lpAI W RR RPN W Z Z   , 

where Wi is the weight of the functional indicator. 

Based on the possible directions of the company's 

technical policy, the following optimization criteria can 

be used to solve the scheduling problem. The first optimi-

zation criterion will be to minimize economic indicators 

along the way: 

1

ЭП ЭП min
N

k

k

  . 

The second optimization criterion will be the 

achievement of the maximum technical indicators of the 

hydroelectric unit of the HPP: 

1

ТП ТП max
N

k

k

  . 

In the classical model, after the ant successfully passes 

the route, it leaves a trace on all the traversed edges, 

which is inversely proportional to the length of the trav-

ersed path; in our implementation, the pheromone value 

will increase by the specified values in two cases – if the 

ant has chosen a composition that satisfies the constraints 

(for example, when optimizing in terms of economic indi-

cators – restrictions on the minimum permissible residual 

resource) and in the case when the composition replaces 

the optimal solution. This change was made for reasons  

of the same number of edges passed by all ants (by the 

number of modules, each arc is a specific combination of 

versions in the module) and the absence of the length in-

dicator, which was replaced by the weight indicator. 

Thus, the restrictions are: 

– the minimum admissible residual resource at the fi-

nal vertex of the graph (K + n) 

minK nRR RR  ; 

– the maximum allowable total cost of repair work 

max

1

ЭП ЭП
N

k

k

 . 

A preparatory stage was also introduced into the solu-

tion algorithm, which determines the initial state of the 

equipment at the vertex K0 and is calculated based on the 

technical state index [2]: 

 ИТS
ИТS

i ii
G

ii

P

P





, 

where ITSi is the index of the technical condition of the i-

th functional unit included in the hydraulic unit; Pi is the 

reduction index (for hydro turbines / hydro generators – 

active electric power). 

Functional model. To improve the efficiency of 

MRO planning processes, it is necessary to solve the 

problem of their automation and develop a program that 

takes into account the parameters, criteria and limitations. 

Its functionality should provide input of initial data  

(technical and financial indicators), modelling of the 

process of repair maintenance of both one unit and a 

group of units, the possibility of making changes to the 

original model for carrying out simulation experiments 

and the availability of tools for analysing and evaluating 

the obtained experimental results. The functional diagram 

of the system for planning maintenance and repairs is 

shown in fig. 2. 

It is important to note that the first stage of optimiza-

tion is implemented for each hydroelectric unit separately, 

with the determination of the sequence of performing 

types of repairs by year, along the entire planning  

corridor. 

The second stage involves the construction of an ag-

gregate MRO schedule for hydroelectric units (on aver-

age, about 12 hydroelectric units operate at HPPs), broken 

down by months and taking into account the flood and 

peak periods of operation of hydraulic units. 

The parameters of the technical condition of the 

equipment, selected for the assessment of the technical 

condition, enter the unit for assessing the technical condi-

tion, where they are mathematically processed in accor-

dance with [2–4]. The results obtained in the form of an 

index of technical condition make it possible to determine 

the starting points of the graph for each hydraulic unit. 

The modelling block includes a method for calculating 

the weight of graph links and a system of constraints. The 

result of modelling is a graph, where the vertices are the 

state of the equipment (the type of technical impact on it), 

and the links are characterized by the aggregate indicator 

of the hydraulic unit. 
 
 

  k (Vk) 

    К2(TO) 

К2(CR) 

К2(MOT) 

К1(TO) 

К1(CR) 

К1(MOT) 

К0(MOT))

2 years 

1 year 
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Fig. 2. Functional diagram of the system for maintenance and repairs planning 

 

Рис. 2. Функциональная схема системы планирования технического обслуживания и ремонтов  
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Repair process indicators 
 

Functional 

indicators 

Private functional 

indicators 

Unit of 

measurement 

Symbol Calculation formula 

Residual resource  RR The sum of the residual life of the main units of the 

hydroelectric unit after repair (maintenance) at the 

top К+1 

Technical indicators 

(TI) 

Criticality index  RPN RPN = SOD, where 

S is the severity of the consequences of failure of a 

piece of equipment, 

O is the probability of equipment failure within a cer-

tain period of time, 

D is the probability that the failure will not be detected 

before the manifestation of its consequences [16]. 

Regulatory repair 

(maintenance) costs 

Thousand rub. Zr The amount of expenses for the implementation of 

repair work 

Economic indicators 

(EI) 

Lost profit Thousand rub. Zlp Number of days of equipment downtime due to repair 

*Amount of funds not received due to insufficient sup-

ply of electricity per day 

 

 
 

 

PERIODS Type of technical impact 

2021 2022 2023 2024 2025 

Maintenance (MOT)          

Current repair (CR)          

Thorough overhaul (TO)          

 

Fig. 3. Gantt chart by type of technical impact 

 

Рис. 3. График Ганта по видам технического воздействия 

 

 

PERIODS Type of technical impact 

2021 2022 2023 2024 2025 

Maintenance (MOT)      

Current repair (CR)      

Thorough overhaul (TO)           

 

Fig. 4. Planned schedule by type of technical impact 

 

Рис. 4. Плановый график по видам технического воздействия 

 

 

In accordance with the technical policy adopted in the 

company (ensuring maximum technical performance of 

equipment or minimizing the cost of the equipment life 

cycle), the necessary option is selected, which is the most 

optimal, taking into account all the conditions and criteria. 

Based on the results of optimization calculations, which 

are based on the ant algorithm, an aggregate maintenance 

schedule is formed, containing the terms and types of 

technical impacts for all hydraulic units for any planning 

period. 

Experimental research. The software implementa-

tion of the method was used when planning the repair 

cycle for the period from 2021 to 2025 for the hydroelec-

tric unit of the station, which is part of the largest Russian 

private energy company, JSC EuroSibEnergo. 

The following indicators were used as input parame-

ters: a list of possible links in the graph (possible transi-

tions from one state of an object to another); link weight, 

which is calculated from such equipment parameters as 

the cost of repairs, lost profit due to equipment downtime, 

equipment criticality index and residual resource. 

It is important to note that the criterion was the mini-

mization of economic indicators, while the limitation is 

the minimum allowable residual resource at the final ver-

tex of the graph. 

The output data is a five-year technical impact pro-

gram, presented in the form of a Gantt chart (by type of 

technical impact) (fig. 3). 

In comparison with the planned repair work schedule 

adopted at the hydroelectric power station (fig. 4), the 
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technical impact program, obtained on the basis of the  

ant algorithm, provided a reduction in the total economic 

indicators (the cost of repair work and lost profits due  

to equipment downtime) by 5 %. Saving for the group of 

costs for repair work amounted to 1,175.8 thousand rubles 

subject to condition RR2025 > 0.9. 

Conclusion. The ant algorithm makes it possible  

to successfully solve scheduling problems, including 

planning a maintenance and repair program for the main 

hydropower equipment. The article formulates a mathe-

matical statement of the problem of scheduling repairs 

and a functional model of the process of planning mainte-

nance and repair. The results presented in the article can 

be used to develop a software package as part of an inno-

vative approach to asset management for hydropower 

companies. 
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The most common indicator of the aluminium production process managing efficiency is the cost of the metal pro-

duction, but this concept includes a lot of components. First, this is the cost of raw materials and electricity in this re-

gion, as well as the labour cost per ton of products, consumption coefficients of raw materials and energy, capital costs 

for construction and repairs, waste disposal cost, environmental payments, etc. At the same time, there is no single 

functional of the process quality, depending on technological parameters, that is, the problem of complete and rela-

tively strict mathematical process optimization as a whole is currently not solvable, not only because of its volume, but 

because of the lack of a complete efficiency model. In this study, particular efficiency criteria are considered, the im-

provement of which is aimed at the optimization model of control actions developed by the authors, which are selected 

based on the possible levers of the current automated process control system (APCS) for aluminium electrolysis. All 

tests were carried out on Virtual cell software without transfer to a real control object. 

 

Keyword: aluminium production, process parameter optimization, automated process control system (APCS),  

Virtual cell. 
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Наиболее общим показателем эффективности управления процессом получения алюминия является себе-
стоимость произведенного металла, но это понятие включает в себя много составляющих. Прежде всего это 

стоимость сырья и электроэнергии в данном регионе, а также стоимость трудозатрат на тонну продукции, 

расходные коэффициенты сырья и энергии, капитальные затраты на строительство и ремонт, стоимость 
утилизации отходов, экологические выплаты и т.д. При этом отсутствует единый функционал качества 

процесса, зависящий от технологических параметров, то есть задача полной и относительно строгой мате-
матической оптимизации процесса в целом в настоящее время представляется не решаемой не только из-за ее 
объемности, а из-за отсутствия полной модели эффективности. В рамках данного исследования рассмотрены 

частные критерии эффективности, на улучшение которых направлена разработанная авторами оптимизаци-

онная модель управляющих воздействий, которые выбраны исходя из возможных рычагов действующей авто-

матизированной системы управления технологическим процессом (АСУТП) электролиза алюминия. Все испы-
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тания проводились на программном обеспечении «Виртуальный электролизер» без передачи на реальный  

объект управления. 
 

Ключевые слова: получение алюминия, оптимизация параметров процесса, управляющие воздействия 
АСУТП, Виртуальный электролизер. 

 

Introduction. Mathematical optimization procedures 

are used in control systems to select the best one or more 

actions from the range of their admissible values. The best 

impacts are understood as allowing achieving the 

minimum or maximum of the objective function, that is, 

when choosing the best complex impact on the process, it 

is necessary to consider three components: 

– selection of specific impacts and restrictions on 

them; 

– optimization method; 

– target function. 

There are a huge number of optimization methods, 

ranging from simple methods – brute force, coordinate 

descent, passing to methods of medium complexity – gra-

dient, simplex and ending with genetic algorithms [1; 2]. 

It should be noted that this study does not provide an ac-

cepted scientific classification of methods, but only talks 

about methods that can be applied to the current task – 

optimization of control actions in the electrolytic method 

of aluminium production. 

The technical and economic indicators of the elec-

trolysis process efficiency are the power consumption per 

ton of aluminium produced the specific consumption of 

carbon and fluorides, as well as the current efficiency [3–

7]. Consumption factors are related to the current effi-

ciency – the closer the amount of actually obtained metal 

to the theoretically possible, the lower the consumption of 

raw materials and energy in conditions of the same design 

and technology, but there may be some peculiarities, for 

example, the design may have a high current efficiency 

with good MHD index, but a large energy consumption 

due to increased heat loss. 

We can consider such goals to achieve as a given melt 

temperature and cryolite ratio (CR) – an indicator of the 

electrolyte chemical composition, assuming that the tech-

nological personnel have already determined the effec-

tiveness of the assigned values, and the optimization goal 

can be set to reduce the CR root-mean-square deviation 

(RMSD) and the electrolyte temperature from these target 

values. 

Based on the foregoing, groups of criteria have been 

identified, according to which optimization is possible: 

– RMSD of electrolyte temperature from a given tar-

get value; 

– CR RMSD from a given target value; 

– technological parameter target value achievement at 

the end of the optimization period; 

– specific energy consumption for aluminium produc-

tion minimization; 

– current output maximization. 

There is a division into multi-criteria and single-

criteria optimization with different methods of finding a 

local or global extremum, but we will assume that the 

objective function is composed in such a way that it has 

one minimum or maximum and includes our requirements 

for the technological process. 

Description of the optimization method. To search 

for optimal influences, a gradient optimization method 

was chosen – the Cauchy method [8], which is based on 

the formula: 
 

( 1) ( ) ( )α ( )k k kx x f x    , (1) 
 

where the descent step α is a given positive parameter. 

Descent direction is determined by the components of the 

gradient vector ( )( )kf x . Formula (1) assumes descent in 

the case of an n-dimensional vector of actions: 
 

( )
1 2 3( , , )k k k kx x x x , (2) 

 

where xi
k – various control actions, at each descent step or 

when finding a gradient. The gradient for the case of three 

variables (in our case, three influences) is written as fol-

lows: 
 

1 2 3

( )
f f f

f x i j k
x x x

  
      

  
. (3) 

 

The method has two disadvantages: it becomes neces-

sary to choose a suitable descent step, and the method is 

also characterized by slow convergence to the minimum 

point due to the smallness of the gradient in the vicinity of 

this point. 

The main advantage of this method is its stability – 

with a sufficiently small length of the iteration step, the 

inequality ( 1) ( )( ) ( )k kf x f x  . There is a theorem on suf-

ficient conditions for the convergence of the method  

with a constant step [9]. Taking this property into ac-

count, the Cauchy method can significantly reduce the 

value of the objective function when moving from points 

located at significant distances from the minimum point. 

In our case, the advantage of this method prevails over 

its disadvantages. The optimization model based on the 

coordinate descent method was implemented earlier, the 

operation of which revealed drawbacks: low search speed 

and going to the local extremum, in addition, with an in-

crease in the number of impacts, the speed of work sig-

nificantly slows down, since the method goes through 

steps separately for each impact, therefore the gradient 

method is more appropriate. 

The step was chosen experimentally according to the 

sensitivity of the objective function, and a very close ap-

proach to the minimum point is not needed – the calcula-

tion accuracy should not significantly exceed the meas-

urement accuracy. Often, one descent (in the direction of 

the initial gradient) is sufficient to obtain the minimum of 

the objective function with sufficient accuracy. 

Formula (1) assumes that the gradient can be calcu-

lated at each step of descent, but the following method is 

practically implemented – the gradient is calculated on the 

multidimensional initial cross of actions and then descent 

is carried out in the direction of the calculated antigradi-

ent vector until the optimized technological parameter 

reaches the goal, or until the RMSD of this parameter 
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from the target stops decreasing. In the first case, the pro-

cedure is exited, and the optimization is considered to be 

successfully completed; in the second case, at the last 

point of descent, where there was a minimum RMSD, a 

new cross for all influences is built and a search for a new 

gradient is performed. 

The control actions, on the basis of which the optimi-

zation procedure can be performed, are as follows: 

– aluminium fluoride addition; 

– set voltage; 

– series current; 

– metal level; 

– electrolyte level. 

The first three actions can be carried out by the auto-

mated process control system; the levels of melts are 

regulated by the technological personnel on the APCS 

instructions. 

Virtual cell software method implementation. 

Virtual cell software is a physical and mathematical 

model that simulates the operation of an electrolytic cell 

for the aluminium production and is designed to study the 

dynamics of processes occurring in it [10–13]. This pro-

gram is intended for process support personnel in order to 

assess the reaction of the reduction cell to control actions 

adequately. 

The developed optimization procedure implementa-

tion was carried out in Virtual cell software in order not to 

harm the real control object, to evaluate all transient proc-

esses of technological parameters under complex influ-

ences and to eliminate all possible shortcomings before 

the implementation of this model in APCS. 

At the moment, the control system already has an 

Electrolyte composition stabilization module [14; 15], 

which includes optimization for controlling the cryolite 

ratio (CR), but we want to expand the functionality with 

additional control actions and parameters for optimiza-

tion, as well as target functions. 

Let us describe the practical implementation of the 

method in Virtual cell software in terms of two influences – 

the addition of AlF3 and the specified voltage; the calcula-

tion of the remaining effects in the software implementa-

tion is carried out similarly. 

Fig. 1 shows a menu of initial conditions for the calcu-

lation which are requested from the APCS database for a 

specific reduction cell. After all calculations, the recom-

mendations will also be transferred for the same reduction 

cell to the upper APCS level. 

In the optimization interface (fig. 2) there is a choice 

between two methods – Coordinate method and Gradient 

method. The electrolyte temperature was chosen as the 

optimized parameter. The initial control actions values  

for fluorine and voltage additions, as well as the criterion 

for the completion of the optimization, are also set by the 

user in the interface. In this case, the following additives 

were selected: 5 kg of AlF3 and 50 mV of the set voltage, 

as well as the criterion for exiting the optimization – 

reaching the minimum RMSD temperature from the tar-

get, respectively. 

The calculation begins with the construction of a cross 

(fig. 3), on the vertices of which are the selected impacts 

with a given value. During the descent, the steps in the 

directions will change, but the cross always counts with 

the initially specified additions. Next, the root-mean-

square deviation of the electrolyte temperature from the 

target (RMSD T) is calculated at cross four points, as well 

as in its middle. 

Then, we calculate the gradient consisting of partial 

derivatives numerically (using the finite difference 

method): 
 

3 3_ ( (Т1)- (Т2)) / (2 )DIF AlF RMSD RMSD AlF  ;  (4) 
 

_ ( (Т3)- (Т4)) / (2 )DIF U RMSD RMSD U  .     (5) 
 

We check the difference of the gradient from zero 

with the specified accuracy. The vector length must be 

nonzero 

2 2
3( _ ) ( _ )Modgrad DIF AlF DIF U  . 

 

If it is not zero, we calculate the direction of descent 

to the minimum in the inner loop, otherwise, exit from 

optimization. Inner loop: 
 

1
3 3 3 3step _k kAlF AlF DIF AlF AlF       ;    (6) 

 

1 step _k kU U DIF U U       .           (7) 
 

ΔΔAlF3, ΔΔU are the steps of the internal descent, at 

the first descent step they are equal to ΔΔAlF3 and ΔU, or 

zero, then they are recalculated. Deltas of actions, found 

by formulas (6)–(7), are added to the current values of 

raw materials and stress addition 
 

0
3 3 3

k kAlF AlF AlF   ; (8) 

  
0k kU U U    (9) 

 

and we calculate RMSD T, working out these actions 

during the set optimization days in Virtual cell software. 

RMSD T should decrease and during the first calculation 

using formulas (8) – (9) it should be less than RMSD T0. 

Compare with the previous value in this inner loop, it 

should be done: 
 

1( ) ( )k kRMSD Т RMSD Т  . (10) 
 

We set Step to 1 / Modgrad. Further, during debug-

ging for use in the control system algorithms, the step for 

each action can be set separately. 

There are two ways to exit the inner loop: 

– RMSD has ceased to decrease, then we need to turn 

to formulas (4) and (5) and recalculate the cross, gradient, 

and start the inner cycle again, but the cross will be in a 

new place, that is, in the middle of the cross, point T0 is 

now the initial values of AlF3
0 and U0 will be assigned to 

the last values found by formulas (8) and (9); 

– the temperature deviation from the target value is 

within the specified accuracy, for example, less than 0.5 

degrees, then the optimization are completed. 

There should be an exit from the loop optimization 

procedure: the RMSD in the middle of the last crosses are 

compared, or the last three RMSD in the descent, if they 

are equal, then it is necessary to exit the optimization and 

stop at the last effect calculation. The looping is associ-

ated with the fact that the procedure, when choosing the 

actions, reaches the imposed restrictions, for example, the 

addition of aluminium fluoride cannot be less than zero, 

and this is required to increase the calculated CR. 
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Visualization of the optimization block in Virtual 

cell software. When optimization is activated, a new 

implemented method: the gradient method (fig. 4) and the 

Optimization tab with two graphs become available in the 

results display interface window. 

The optimization progress is shown on the left  

graph: the magnitudes of impacts and the achieved values 

of the optimized parameter for each experiment  

are displayed. On this graph, we can observe which side 

the optimization is moving, calculating the impact 

magnitude to achieve the target value of the optimized 

parameter. 

For example, according to fig. 2, the optimized 

parameter was chosen: electrolyte temperature (target 

952 С), and the effects: AlF3 addition and voltage 

setting. In experiment No. 1 (according to fig. 4), the 

impact values were as follows: AlF3 addition = 35 kg and 

voltage setting = 4.23 V, while the optimized parameter 

(electrolyte temperature) reached 958 С; in experiment 

No. 2, the values of the actions were: AlF3 addition = 35 kg 

and voltage setting = 4.28 V, the optimized parameter 

reached 960 С, etc. The cross calculation ended in 

experiment 5, and experiments 6 and 7 were steps towards 

the descent.  

 

 

 
 

Fig. 1. Initial conditions interface 

 

Рис. 1. Интерфейс начальных условий 

 

 

 
 

Fig. 2. Optimization interface in the Virtual cell software 

 

Рис. 2. Интерфейс оптимизации в ПО «Виртуальный электролизёр» 
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Fig. 3. Cross impacts for optimization 

 

Рис. 3. Крест воздействий для оптимизации 

 

 

 
 

Fig. 4. Optimization tab 

 

Рис. 4. Вкладка «Оптимизация» 

 

 

 

 
 

Fig. 5. Optimization conditions in the test No. 2 

 

Рис. 5. Условия оптимизации в тесте № 2 
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The graph is drawn and supplemented until the 

optimization reaches the goal, while in the case of 

gradient optimization, the goal can be achieved, for 

example, in experiment No. 7, but the optimization will 

continue a few more steps forward. If the optimization 

indicators do not improve, all subsequent experiments 

after the 7th will be removed from the graph and the 

optimal values of the parameters for achieving the goal 

will be seen in the last experiment No. 7. 

The right graph displays the transient process of the 

optimized parameter (fig. 4). The graph is redrawn for 

each experiment, and at the end of the optimization, a 

transient process is displayed on it, corresponding to the 

experiment in which the optimization goal was achieved. 

We can see in detail the value of the graph at any time 

point in virtual time by hovering the mouse cursor over 

the desired location. 

All subsequent tests are performed under the initial 

conditions indicated in fig. 5–7, the goals and optimiza-

tion parameters change. In the next test No. 2, we will 

perform the optimal increase in the electrolyte tempera-

ture only due to the AlF3 addition. Fig. 5 shows optimiza-

tion conditions. 

In fig. 6 and 7 shows the choice of reducing the daily 

AlF3 addition from 35 to 15 kg to increase the electrolyte 

temperature from 956 to 962 degrees. In contrast to test 

No. 1, the daily consumption and daily supplement at the 

beginning of the calculation was 35 kg. On the left graph 

in fig. 4, in experiments 1 and 2, the algorithm determined 

where to go, and then, in 3 steps of descent, we reached 

the set temperature. 

Test No. 3 represents optimization with three control 

actions. In fig. 8 shows the selected effects to reduce the 

electrolyte temperature from 956 to 950 degrees. Unlike 

test No. 1, the program here reduced the dose of alumin-

ium fluoride, reduced the voltage and raised the height of 

the metal by 4 cm, which can be seen in the results output 

in fig. 9. In fig. 10 the first seven calculations (experi-

ments) made a three-dimensional cross, and then down to 

point 11 were carried out, then the program began to build 

a new cross, and at one of the new cross points it reached 

the specified accuracy. 
 

 
 

Fig. 6. Optimization results for the test No. 2 

 

Рис. 6. Результаты оптимизации по тесту № 2 

 

 

 
 

Fig. 7. Optimization procedure visualization in the calculation No. 2 

 

Рис. 7. Визуализация процедуры оптимизации при расчете № 2 
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Fig. 8. Optimization conditions in the test No. 3 

 

Рис. 8. Условия оптимизации в тесте № 3 

 

 
 

Fig. 9. Optimization result for three control actions 

 

Рис. 9. Результат оптимизации при трех управляющих воздействиях 

 

 
 

Fig. 10. Interface of optimization results with three influences, test No. 3 

 

Рис. 10. Интерфейс результатов оптимизации при трех воздействиях, тест № 3  
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Conclusion. In the study, the new algorithm for 

calculating the complex control action by the gradient 

descent method was developed, software implemented 

and tested to improve the speed and accuracy of 

calculations in Virtual cell software. An interface for 

visualizing the operation of the optimization unit and its 

settings was developed. The progress of the optimization 

calculations is visible to the user, as well as the optimized 

parameter behaviour. 

The developed optimization model, when introduced 

into the control system, will improve the control quality 

of the technological process of aluminium production by 

the electrolytic method, reduce the specific power con-

sumption and reduce the number of electrolysers with a 

disturbed technological operation mode. The group of the 

described target functions adds variability in possible 

ways to optimize certain technological parameters, but for 

practical use in the control system algorithms, it is more 

important to achieve the target parameter and this will be 

taken into account during implementation. 
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EFFICIENCY IMPROVING OF EMERGENCY MONITORING AND FORECASTING BASED  

ON THE INFORMATION SYSTEM 

 

I. N. Pozharkova 

 

Siberian Fire and Rescue Academy EMERCOM of Russia 

1, Severnaya St., Zheleznogorsk, 662972, Russian Federation 

E-mail: pozharkova@mail.ru 

 

The article is devoted to the automated information system modification to solve monitoring and forecasting prob-

lems of natural and man-made emergencies in order to increase the efficiency of its functioning, namely, to increase the 

execution speed of the main operations, to reduce the error probability. Monitoring and forecasting of emergencies are 

among the priorities in the field of population from emergencies protection, as the prevention and elimination of their 

consequences are carried out on the basis of these tasks. At the same time, the data collection speed, processing and 

analysis largely determine the efficiency of the obtained results. The existing system of monitoring and forecasting of 

natural and man-made emergencies, its functional model in IDEF0 notation, characteristic features, advantages and 

disadvantages are considered. The existing system can be improved by automating a number of tasks related to the 

processing, transmission and storage of large data amounts, including real time data, as well as the generation of con-

solidated reports on the results of monitoring and forecasting of various objects. The information architecture of the 

solution reviewed and the corresponding database model form the basis of the proposed solution. The IDEF0 model of 

emergency monitoring and forecasting has been introduced taking into account the proposed modification of the auto-

mated information system. The main operation execution time comparative analysis based on the initial and modified 

automated information system (AIS) using the existing hardware confirms the effectiveness of the proposed solution. 

Data exchange and generation automation of consolidated reports on multiple monitoring objects will simplify analysis 

of the obtained results and solutions development based on them aimed at prevention of natural and man-made emer-

gencies, as well as elimination of their consequences. 

 

Keywords: automated information system (AIS), emergency monitoring and forecasting, automation, data  

conversion. 

 

ПОВЫШЕНИЕ ЭФФЕКТИВНОСТИ РЕШЕНИЯ ЗАДАЧ МОНИТОРИНГА И ПРОГНОЗИРОВАНИЯ  

ЧРЕЗВЫЧАЙНЫХ СИТУАЦИЙ НА ОСНОВЕ ИНФОРМАЦИОННОЙ СИСТЕМЫ 
 

И. Н. Пожаркова 
 

Сибирская пожарно-спасательная академия ГПС МЧС России 

Российская Федерация, 662972, г. Железногорск, ул. Северная, 1 

E-mail: pozharkova@mail.ru 

 

Статья посвящена модификации автоматизированной информационной системы решения задач монито-

ринга и прогнозирования чрезвычайных ситуаций природного и техногенного характера с целью повышения 
эффективности ее функционирования, а именно: повышения скорости выполнения основных операций, сниже-
ния вероятности возникновения ошибок. Мониторинг и прогнозирование чрезвычайных ситуаций являются 
одними из приоритетных направлений в сфере обеспечения защиты населения от ЧС, так как предотвраще-
ние и ликвидация их последствий осуществляются на основе решения данных задач. При этом, скорость сбо-

ра, обработки и анализа данных во многом определяют эффективность полученных результатов. В статье 
рассматривается существующая система мониторинга и прогнозирования чрезвычайных ситуаций природно-

го и техногенного характера, ее функциональная модель в нотации IDEF0, характерные особенности, досто-

инства и недостатки. Предлагается совершенствование системы путем автоматизации ряда задач, связан-

ных с обработкой, передачей и хранением больших объемов данных, поступающих, в том числе, и в режиме 
реального времени, а также с формированием сводных отчетов по результатам мониторинга и прогнозиро-

вания для различных объектов. Рассмотрена информационная архитектура предлагаемого решения, соответ-
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ствующая модель базы данных. Представлена модель решения задач мониторинга и прогнозирования чрезвы-

чайных ситуаций с учетом предлагаемой модификации автоматизированной информационной системы. Про-

водится сравнительный анализ времени выполнения основных операций на основе исходной и модифицирован-

ной АИС при использовании существующего аппаратного обеспечения, подтверждающий эффективность 
предлагаемого решения. Предлагаемая автоматизация обмена данными и генерации сводных отчетов  
по множеству объектов мониторинга позволит упростить анализ полученных результатов и выработку на их 
основе решений, направленных на предотвращение чрезвычайных ситуаций природного и техногенного харак-
тера, а также ликвидацию их последствий. 

 

Ключевые слова: автоматизированная информационная система, мониторинг и прогнозирование чрезвы-

чайных ситуаций, автоматизация, конвертация данных. 
 

Introduction. The main purpose of monitoring and 

forecasting systems for emergencies is to monitor, control 

and anticipate dangerous phenomena and processes that 

occur in the technological sphere and nature, as well as 

the dynamics of their development. Forecasting allows 

preventing emergencies, determining their scale and or-

ganizing effective measures to eliminate them. In the 

Russian Federation, the general procedure for the func-

tioning of the emergency monitoring and forecasting sys-

tems is determined by the Order No. 94 of the Ministry of 

Civil Defence, Emergency Situations and Natural Disaster 

Response of 4 March 2011 approving the Regulations on 

the Functional Subsystem for Monitoring, Laboratory 

Control and Forecasting of Emergencies of the Unified 

State Emergency Management System [1]. 

Russian physical and geographical characteristics 

largely determine the wide variety of emergencies occur-

ring on its territory. Therefore, constant monitoring of a 

significant number of objects is required. Based on the 

data obtained as a result of such monitoring, the tasks of 

forecasting emergency situations, as well as their preven-

tion and elimination are solved [2]. For this, various tech-

nical, software and informational support is used. The 

technical support of the monitoring task is based on the 

equipment of stations, observation systems, computer and 

network equipment, communication lines, etc. Monitoring 

data for each observation objects comes from various 

automated information systems; each system has its own 

format for storing and outputting data, which greatly 

complicates their processing for further use: solving fore-

casting problems, making decisions, compiling reports, 

etc. At the same time, the number of different information 

systems for forecasting for each type of emergency is 

small, while many of them are implemented on the basis 

of the All-Russian Centre for Monitoring and Forecasting 

"Antistikhiya" of the EMERCOM of Russia, and there-

fore have a unified format of input and output data, which 

simplifies their subsequent processing. 

The original system description. Fig. 1 shows the 

IDEF0-model [3] for solving monitoring and forecasting 

emergencies problems, which are implemented on the 

solution with partial automation basis [2] in the form of 

separate applications and systems for data processing and 

analysis. 

Data collection takes place in an automated mode, but 

the tasks of storing, analysing data and forecasting emer-

gency situations with the generation of a preliminary so-

lution are partially implemented manually (fig. 2–4). 

The following subtasks, presented in fig. 2–4, are par-

tially or completely solved manually: 

– data recording. The readings of some sensors from 

the monitoring objects are presented in the form of 

graphic or sound data; their transfer to the computer 

memory for subsequent processing is carried out manu-

ally; 

– data conversion. For storage in the database, the 

available information must be brought to a single format 

corresponding to the given structure, which is also par-

tially done manually; 

– converting data into a given AIS form. To solve the 

problems of monitoring and forecasting based on auto-

mated information systems, it is necessary to bring the 

input data to a given format, which may be different for 

diverse applications. The corresponding operation is also 

carried out partially manually; 

– consolidation report formation. Reports obtained on 

the basis of data processing in different AIS are presented 

in the form of various format separate documents. The 

report synthesis of a given form and a conclusion on the 

basis of the analysis performed is also done manually; 

– preliminary solution development. This task is 

solved manually by responsible persons on the basis of 

the obtained forecasts, as well as existing regulations. 

Consequently, a significant part of the tasks solved 

manually are associated with the processing of a large 

data amount (recording, converting, combining, etc.), 

including real time data. This affects the speed, accuracy 

and, as a consequence, the implementation effectiveness 

of the listed and related operations, which in the case of 

rapidly developing emergencies requiring an urgent solu-

tion can be critical. Therefore, it is advisable to improve 

the quality of the existing information system by automat-

ing the above functions. 

The main goals of the information system for monitor-

ing and forecasting emergency situation modification are: 

– increasing the speed of monitoring and forecasting 

emergencies solving problems; 

– reducing the errors associated with the human factor 

probability when solving the problem of monitoring and 

forecasting emergencies; 

– improving the efficiency of monitoring and forecast-

ing emergencies solving problems. 

To achieve the goals, the following tasks are auto-

mated: 

– data conversion: reduction to a unified format corre-

sponding to a specific data structure [4; 5], coming from 

various monitoring objects, for their further storage in the 

database [6]; 

– data conversion into the form provided by the AIS: 

reduction to the necessary format, which is determined by 
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the AIS requirements for the structure of input informa-

tion [7; 8] and data stored in the database; 

– formation of a consolidated report: a report synthesis 

of a given form [9–11] based on output information from 

various AIS, presented as separate documents of different 

formats. 

Existing system modification. Despite the identified 

deficiencies, the existing solution to the problems of 

monitoring and forecasting emergencies is quite effective, 

i.e. making significant changes to its structure is impracti-

cal. In addition, this approach may require partial suspen-

sion of the current system functioning, which is unaccept-

able.  

Therefore, it is advisable to develop the existing AIS 

by integrating [12] a subsystem into it that automates the 

above tasks. 

 

 

 
 

Fig. 1. Emergency monitoring and forecasting model 

 

Рис. 1. Модель решения задачи мониторинга и прогнозирования чрезвычайных ситуаций 

 

 

 
 

Fig. 2. Data storage solution model decomposition 

 

Рис. 2. Декомпозиция модели решения задачи хранения данных 
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Fig. 3. Data analysis solution model decomposition 

 

Рис. 3. Декомпозиция модели решения задачи анализа данных 

 

 

 

 
 

 

Fig. 4. Problem solution model for emergency forecasting and generation  

of preliminary solution decomposition 

 

Рис. 4. Декомпозиция модели решения задачи прогнозирования ЧС  

и генерации предварительного решения 
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Fig. 5. AIS modified information structure for emergency monitoring and forecasting 

 

Рис. 5. Информационная структура модифицированной АИС мониторинга  
и прогнозирования чрезвычайных ситуаций 

 

 

Fig. 5 shows the information structure [13] of the AIS 

corresponding fragment. 

The basis of the automated system is the database that 

stores information necessary to solve problems of moni-

toring and forecasting emergencies, as well as modules 

that implement the main functions: data conversion, 

report generation. The database model [14] is shown  

in fig. 6. 

The form and frequency of the basic documents for-

mation are determined [15]. 

Fig. 7 shows the functional model for solving prob-

lems of monitoring and forecasting emergencies using the 

modified system. 

The data collection solution tasks and decision ap-

proval have not changed, however, the automation degree 

of storage tasks, data analysis and emergency forecasting 

with preliminary solution generation has significantly 

increased (fig. 8–10). 

The following subtasks, presented in fig. 8–10, are 

still partially or completely solved manually: 

– data recording; 

– preliminary solution development. 

The following tasks are automated, with insignificant 

human involvement: 

– data conversion; 

– data conversion into a required AIS form; 

– consolidated report formation.  
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Fig. 6. Database model for the automated emergency monitoring and forecasting system 

 

Рис. 6. Модель базы данных автоматизированной системы мониторинга  
и прогнозирования чрезвычайных ситуаций 
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Fig. 7. Model for emergency monitoring and forecasting using the modified system 

 

Рис. 7. Модель решения задачи мониторинга и прогнозирования чрезвычайных ситуаций  

с использованием модифицированной системы 

 

 

 

 
 

Fig. 8. The storage solution model using the modified system decomposition 

 

Рис. 8. Декомпозиция модели решения задачи хранения данных  

с использованием модифицированной системы 
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Fig. 9. Data analysis solution model using the modified system decomposition 

 

Рис. 9. Декомпозиция модели решения задачи анализа данных  

с использованием модифицированной системы 

 

 

 

 

 
Fig. 10. The solution model of the emergency prediction and generation problem  

of a preliminary solution using modified system decomposition 

 

Рис. 10. Декомпозиция модели решения задачи прогнозирования ЧС и генерации  

предварительного решения с использованием модифицированной системы 
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Comparative analysis of the various operations execution time when solving monitoring  

and forecasting emergencies problems 

 

No. The operation name Average execution time  

using the original system, s 

Average execution time using 

the modified system, s 

1 Data conversion by one parameter with writing to 

the database 

12.4 Less than 0.001 

2 Data conversion for AIS by one parameter 6.8 Less than 0.001 

3 Consolidated report formation on emergency 

monitoring 

312.8 Less than 0.001 

4 Consolidated emergency forecasting report for-

mation 

248.2 Less than 0.001 

5 One document completion for collection and 

exchange of information on emergencies 

141.6 Less than 0.001 

 

 

Comparative analysis of the original and modified 
systems. The significant part of the tasks associated with 

processing a large data amount (recording, converting, 

combining, etc.), including real time data, can be auto-

mated based on the modified information system. This 

has a positive effect on the speed, accuracy of data im-

plementation and related operations. Table shows data on 

the execution time of basic operations based on the origi-

nal and modified automated system using existing hard-

ware. 

The use of the modified automated system can signifi-

cantly increase the speed of performing basic operations 

related to storing, processing and analysing data. With 

numerous operations, especially in case of rapidly devel-

oping emergencies, the use of automation can signifi-

cantly increase the solving tasks efficiency. 

Conclusion. According to the study, the main conclu-

sions are: 

– the task of monitoring and forecasting emergencies 

is one of the priorities in the security field, while its solu-

tion is associated with the collection and processing of 

large amounts of information. Consequently, in order to 

increase the implementation efficiency of these processes, 

it is advisable to use automated information systems, 

which will significantly increase the speed of data proc-

essing, analysis and decision-making based on them; 

– the emergencies monitoring and forecasting imple-

mentation analysis showed that the significant part of the 

tasks solved manually are associated with the processing 

of a large amount of data (recording, conversion, merg-

ing, etc.), including real time data. This affects the speed, 

accuracy and, as a result, the efficiency of the data  

implementation and related operations, which can be 

critical in the case of rapidly developing emergencies 

requiring an urgent solution. Therefore, it was concluded 

that it is advisable to automate the above functions  

performance; 

– on the basis of the modified system for monitoring 

and forecasting emergency situations, a significant part of 

the tasks can be automated, which has a positive effect on 

the corresponding functions implementation speed and 

accuracy. The comparative analysis of the manual basic 

operations execution time and execution time of a modi-

fied system using the existing hardware showed the sig-

nificant increase in the speed of solving problems associ-

ated with storing, processing and analysing data. This 

indicates the high efficiency of the proposed solution. 
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The work is devoted to the study of sets of aperiodic words over a finite alphabet. A set of such words can be consid-

ered as some kind of finite formal language. W. Burnside raised the issue of local finiteness of periodic groups. The 

negative answer was given only sixty years later by E. S. Golod. Soon S. V. Aleshin, R. I. Hryhorczuk, V. I. Sushchanskii 

constructed more examples confirming the negative answer to Burnside's question. Finiteness of the free Burnside 

group of period n was established for periods two and three (W. Burnside), for period four (W. Burnside, I. N. Sanov), 

for period six (M. Hall). The infinity of such a group, for odd indicators exceeding 4381, is established in the work  

of P. S. Novikov and S. I. Adyan (1967), and for odd indicators exceeding 664 in the book by S. I. Adian (1975). A more 

intuitive version of the proof for odd n > 1010 was proposed by A. Yu. Olshansky (1989). In this article, we consider  

the set of 6-aperiodic words. In the monograph by S. I. Adyan (1975) it was shown the proof of S. E. Arshon (1937) 

theory that there are infinitely many three-aperiodic words of any length in the two-letter alphabet. In the book  

of A. Y. Olshansky (1989), a proof of the infinity of the set of six-aperiodic words is given and an estimate of the number 

of such words of any given length is obtained. Here we try to estimate the function of the number of six-aperiodic words 

of any given length in a three-letter alphabet. The results obtained can be useful for encoding information in space 

communication sessions. 

 

Keywords: locally finite group, word, aperiodicity, estimate, formal language. 
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Работа посвящена изучению множеств апериодических слов над конечным алфавитом. Множество таких 
слов можно рассматривать как некоторый конечный формальный язык. У. Бернсайд задал вопрос о локальной 

конечности периодических групп. Отрицательный ответ был получен лишь через шестьдесят лет Е. С. Голо-

дом. Вскоре С. В. Алешиным, Р. И. Григорчуком, В. И. Сущанским были построены еще примеры, подтвер-

ждающие отрицательный ответ на вопрос Бернсайда. Конечность свободной бернсайдовской группы периода 

n установлена в разное время для периодов два и три (У. Бернсайд), для периода четыре (У. Бернсайд;  

И. Н. Санов), для периода шесть (М. Холл). Бесконечность такой группы, для нечетных показателей, 

превышающих 4381, установлена в работе П. С. Новикова – С. И. Адяна (1967), а для нечетных показателей, 

превышающих 664, – в монографии С. И. Адяна (1975). Геометрический метод доказательства для нечетных 
показателей, превышающих 1010, принадлежит А. Ю. Ольшанскому (1989). В данной статье рассматриваем 

множество 6-апериодических слов. l-апериодическим словом называется слово Х, не содержащее нетривиаль-
ных подслов типа Yl. В книге С. И. Адяна (1975) имеется обоснование С. Е. Аршона (1937) того, что в двухбук-
венном алфавите имеется бесконечно много три-апериодических слов любой длины. В книге А. Ю. Ольшанско-

го (1989) приведено доказательство бесконечности множества шесть-апериодических слов и получена оценка 

количества таких слов любой данной длины. Здесь мы хотим оценить функцию количества шесть-
апериодических слов любой данной длины в алфавите из трех букв. Полученные результаты могут быть 
полезны при кодировании информации в сеансах космосвязи. 
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Introduction. The paper is devoted to the study of 

sets of aperiodic words over a finite alphabet. The set of 

such words can be considered as some finite formal lan-

guage. 

The group B(d,n) with d generators and an identical 

relation 1nx   is called a free Burnside group of rank d 

and period n. 

The finiteness of a free Burnside group is established 

at different times for period two (the trivial case), for pe-

riod three by W. Burnside, for period four by W. Burnside 

for two generating elements; by I. N. Sanov for an arbi-

trary number of generating elements, and for period six by 

M. Hall. 

William Burnside one hundred and twenty years ago 

raised the question of local finiteness of groups, with the 

identity 1nx   [1]. This problem is known as the Burn-

side’s one. A group is called locally finite if any of its 

finitely generated subgroups is finite. 

A negative answer to the Burnside problem was  

obtained in 1968 in the works of P. S. Novikov and  

S. I. Adyan [2–4]. The proof of the infinity of the group 

B(d,n), with the number of generators greater than  

or equal to two, for odd exponents exceeding 4380 was 

given in [2–4], and for odd periods exceeding 665  

in S. I. Adyan monograph [5]. 

More detailed results on the Burnside problem can be 

found in the work of S. I. Adyan [6]. 

Theorems about non-repetitive words in a three-letter 

alphabet and 3-aperiodic words of any length in a two-

letter alphabet were proved by A. Thue in 1906 [7]  

(see also lemma 1 in [6]). In the article by S. E. Arshon in 

1937 [8], the existence of an n-digit asymmetric non-

repetitive sequence for an alphabet of at least three letters 

is proved. In the monograph of S. I. Adyan [5] on pages 

13–16, by means of Arshon's method [8] it was proved 

that there are infinite 3-aperiodic sequences in an alphabet 

of two characters. The work [9] belongs to the same the-

ory. In the monograph of A. Yu. Olshansky [9] proved the 

infinity of the set of 6-aperiodic words in the two-letter 

alphabet and obtained an estimate of the number of such 

words of any given length. 

A report on the topic of aperiodic words was made by 

the author at the conference “Reshetnev Readings” [10], 

then research on this issue was continued: in [11]  

A. Yu. Olshansky's assessment of the number  

of 6-aperiodic words in the two-letter alphabet was  

improved. 

In this article, we study the set of 6-aperiodic words in 

the three-letter alphabet. The results obtained can be use-

ful for encoding information in space communication 

sessions. Previously we also considered 5-periodic words 

[12] and 12-aperiodic words [13]. 

Main result. For ease of reading, we first give a few 

necessary definitions. 

Definition. A periodic word with period H is any 

subword of some word Нр, р > 0. 

For example, ababa is a periodic word with the period 

ab or ba. 

Definition. An l-aperiodic word is a word X that does 

not contain non-trivial subwords of type Yl. 

S. I. Adyan [4] proved that in the two-letter alphabet 

there is an infinite set of arbitrarily long 3-aperiodic 

words. 

We also considered the problem of the existence of 

arbitrarily long words, free of squares, over the three-

letter alphabet [8]. 

A. Yu. Olshansky [9] considered a set of 6-aperiodic 

words and obtained an estimate of the function ( )f n   

of the number of such words of length n: there are arbi-

trarily long 6-aperiodic words and the number ( )f n  of 

such words of length n is greater than 3( )
2

n  in the two-

letter alphabet. A. Yu. Olshansky [11] improved this es-

timate of the number of 6-aperiodic words over the two-

letter alphabet. 

We are interested in estimating the number of  

6-aperiodic words in the three-letter alphabet. 

When getting the estimate, we apply the same method 

as A. Yu. Olshansky used [9]. 

Theorem. There are arbitrarily long 6-aperiodic words 

and the number ( )f n  of such words of length n is greater 

than 5( )
2

n  in the three-letter alphabet. 

Theorem proving. Let {a, b, c} be the alphabet. In 

this alphabet, we will consider 6-aperiodic words. First, 

we prove the inequality ( 1) (5 / 2) ( )f n f n   using the 

method of mathematical induction. 

Consider the case n = 1: 5(2) (1)
2

f f  , where 

(1) 3f  , (2) 9f  . It means that the base of induction is 

proved. 

A 6-aperiodic word of length 1n   can be obtained by 

adding the letters a, b, or c to the right of the 6-aperiodic 

word of length n. In this way 3 ( )f n  words X  of length 

1n   are obtained. 

Some of these words may contain 6A degrees. Then 

estimate the number of such extra options. 

When attributed to the right, the only identity of 
6X YA  form is obtained, since otherwise the beginning 

of the length n of the word X  with the length 1n   con-

tains 
6A . For the words A of length 1 (only three such 

words), there are less than 3 ( 5)f n   words of 6X YA  

form, where the word Y  is 6-aperiodic and 5Y n  : 

(
5

........
n


5

...aa a ) a, 

(
5

........
n


5

...bb b ) b, 

(
5

........
n


5

...ccc ) c. 

Obviously, there are 9 words A of length 2. The corre-

sponding words of the 6X YA  type of length 1n   are 

less than 9 ( 11)f n  , where the word Y  is 6–aperiodic of 

length 11n  . 

Continuing the reasoning in the same way, we have: 
 

2 3

( 1) 3 ( ) 3 ( 5)

3 ( 11) 3 ( 17) ...

f n f n f n

f n f n

    

    
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Since by the inductive assumption 
 

5( ) ( ) ( )
2

kf n f n k   , 

so 
 

5

2 11 3 17

5( 1) 3 ( ) (3( ) ( )
2

5 53 ( ) ( ) 3 ( ) ( ) ...).
2 2

f n f n f n

f n f n



 

   

  
 

 

Transform the resulting inequality: 
 

5 2 11 3 175 5 5( 1) ( )(3 (3( ) 3 ( ) 3 ( ) ...)
2 2 2

f n f n         . 
 

Since 6 53
2

 , so the geometric progression on the 

right side of the inequality is decreasing with the  

ratio 653( )
2

 . 

Then estimate the second factor of the right part S  us-

ing the geometric progression formula 
 

5

6

53( )
23
51 3( )

2

S




 


. 

We need to prove that 5
2

S  . 

Transform this inequality: 

6 5 5

6

5 5 5 53 9( ) 3( ) 3( )
2 2 2 2 0

51 3( )
2

  



   



. 

After simplification we get: 

6

6

5 53 9( )
2 2 0
51 3( )

2





 



. 

Since 651 3( ) 0
2

  , it remains to check the correct-

ness of the inequality: 

65 53 9( ) 0
2 2

   . 

We are convinced of its correctness by direct calcula-

tion. Hence, it is proved that the inequality 

5( 1) ( )
2

f n f n   exists for any natural n. The theorem 

is proved. 

Conclusion. The problem of estimating the number  

of aperiodic words is still being studied. The set  

of 6–aperiodic words in the three-letter alphabet is con-

sidered and an estimate is obtained for the function of the 

number of such words of any given length. 
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For successful technological process in automated control systems it is necessary to maintain technological pa-

rameters constantly at the required level, which is ensured by the use of automated process control systems (APCS). 

The classical solution of this problem is the application of control devices of various types, the choice of which directly 

depends on the system under consideration and the requirements to it. The leading position among the automatic con-

trol system regulators for the last decades belongs to the proportional-integral-differentiating (PID) regulator, which 

efficiency of application in the technological process is defined by the speed and accuracy of its work. These qualities 

directly depend on the correct setting of the regulator parameters. The synthesis of regulators requires using of modern 

computer-aided design systems. The article presents the method of automatic setting of PID-regulator of the dynamic 

system of high order with negative feedback on the example of automatic room temperature control system. The modern 

Russian environment of dynamic simulation of technical systems SimInTech applied at a number of nuclear, oil refining 

and aerospace enterprises is used as the environment for system model development, as well as the process of its analy-

sis and optimization. The main components of the system and transfer functions of its elements are presented. The step-

by-step description of the process of project construction from standard software blocks and submodels, interacting 

through a single database with the use of built-in programming language, is described. The use of the built-in block of 

SimInTech visual simulation environment optimization for automated search of PID-regulator parameters is described 

in details and illustrated. The advantages and disadvantages of this adjustment method revealed during the project im-

plementation are listed. 

 

Keywords: modeling, PID-regulator, automatic control system, SimInTech. 
 

 

АВТОМАТИЗИРОВАННАЯ НАСТРОЙКА РЕГУЛЯТОРОВ ДЛЯ АСУТП  

В СРЕДЕ ВИЗУАЛЬНОГО МОДЕЛИРОВАНИЯ SIMINTECH 
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Для успешного протекания технологического процесса требуется постоянное поддержание технологиче-
ских параметров на требуемом уровне, что обеспечивается применением автоматизированных систем управ-
ления технологическими процессами (АСУТП). Классическим решением данной задачи является применение 
управляющих устройств различного типа, выбор которых напрямую зависит от рассматриваемой системы и 

предъявляемых к ней требований. Лидирующую позицию среди регуляторов АСУТП последние десятилетия 
занимает пропорционально-интегрально-дифференцирующий (ПИД) регулятор, эффективность применения 
которого в технологическом процессе определяется быстродействием и точностью его работы. Данные  
качества напрямую зависят от правильности настройки параметров регуляторов, для синтеза которых  
необходимо использование современных систем автоматизированного проектирования. В работе рассматри-

вается метод автоматизированной настройки ПИД-регулятора динамической системы высокого порядка  

с обратной связью на примере системы автоматического регулирования температуры в помещении. В каче-
стве среды разработки модели системы, а также процесса ее анализа и оптимизации используется современ-
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ная российская среда динамического моделирования технических систем SimInTech, используемая на ряде 
предприятий атомной, нефтеперерабатывающей и аэрокосмической отраслей. Приведены основные компо-

ненты системы, передаточные функции ее элементов. Дано поэтапное описание процесса создания проекта 

из типовых блоков и субмоделей программного обеспечения, взаимодействующих через единую базу данных 
сигналов с применением встроенного языка программирования. Подробно описано и проиллюстрировано ис-
пользование встроенного блока оптимизации среды визуального моделирования SimInTech для автоматизиро-

ванного поиска параметров регулятора ПИД-типа. Перечислены выявленные в ходе реализации проекта пре-
имущества и недостатки данного метода настройки. 

 

Ключевые слова: моделирование, ПИД-регулятор, АСУТП, SimInTech. 

 

Introduction. Design of control systems is an impor-

tant component of modern technological production. For 

a long time regulators have been acting as the basis for 

managing technological processes. Their main task is to 

maintain the value of the system parameter at the level set 

by technology for the successful flow of the technological 

process as a whole. The choice of regulator type is di-

verse: from the simplest two-position to self-adjusting 

microprocessor regulators. 

Traditionally, proportional-integral-differentiating 

(PID) regulators are used in process control systems. PID 

regulation is a fundamental element of the management 

process in continuous operation. PID-type control devices 

are widely used in the field of automation due to their 

longevity, flexibility, high functionality and reliability. 

PID-regulators are universal in application, suitable for 

solving most practical problems, they are easy to imple-

ment and have a low cost. Their applications range from 

household devices to nuclear and aerospace industries. 

However, in practice a significant proportion of con-

trol problems are associated with incorrect configuration 

of PID-regulators: the accuracy and speed of the system 

as a whole depends on the correct setting of the regulator 

coefficients. It means that the task of parametric synthesis 

of control devices is an urgent task. 

The task of parametric synthesis for the specified con-

trol objects is reduced to determining the optimal parame-

ters of the regulator, which meet the required operating 

conditions of the system, as well as the requirements for 

the quality and accuracy of control. 

Currently, a number of methods, algorithms and rules 

allows speeding up and simplifying the task of setting up 

regulators [1–4]. These methods are usually divided into 

two broad categories: methods aimed at ensuring the 

quality requirements of regulation, or selection methods, 

in which the system operator must match the desired op-

erator as accurately as possible [5]. Recently, regulators 

that can calculate the “correct” parameters when the de-

vice is connected to the system have become very popular 

[6]. Some of the methods for setting up regulators were 

considered in previous works [7–9]. 

In this paper, we consider the process of automated 

search for parameters of a PID-type control device in-

cluded in the control loop. The object of regulation is a 

heated room. The model of the automatic control system 

(ACS) of room temperature is implemented in the Rus-

sian environment of dynamic modeling of technical sys-

tems SimInTech. 

The algorithm of PID-regulator work. The PID-

regulator is a parallel connection of typical links of P-, I- 

and D-regulators [10]. The transfer function of a PID-

regulator is the sum of the transfer functions of each type 

of regulator: 
 

1
PID p d

i

W K T p
T p

   


, 

 

where pK  – the regulator gain coefficient  or the trans-

mission coefficient; 
1

i

i

K
T

  – the integration constant; 

d dK T  – the differentiation constant. 

There is no static error in PID-regulator system and 

they are of high performance. Regulators of this type pro-

vide a relatively high quality of regulation of objects that 

have a large transition delay (for example, heat exchange 

and mass transfer devices), as well as in cases where the 

load in the control objects changes frequently and 

quickly. 

It should be noted that if the adjustment coefficients of 

the PID-type control device are set inaccurately, it might 

have worse indicators than the two-position regulator and 

even go into self-oscillation mode. 

Automatic room temperature control system. In 

general, the automatic temperature control system in the 

room is shown in fig. 1. 

The object of regulation in the system under consid-

eration is a heated room. The indoor temperature θ  

is a controlled value; the air temperature θk coming from 

the heater is a regulating (controlling) effect; external 

factors f are a disturbing effect. 

The sensing device (sensitive element) in this control 

system is a thermal resistor Rd included in the bridge cir-

cuit. The thermal resistor also performs the functions of a 

comparing device. An amplifier provides the amplifica-

tion of the ∆U signal (mismatch signal) of the measuring 

bridge circuit. The amplified signal Ud provides rotation 

of the two-phase prime engine, which changes the amount 

of movement of the valve (flap) on the steam supply pipe-

line to the heater, which achieves a change in the air tem-

perature at the outlet of the heater regulating the effect on 

the control object. 

The initial data of the system is in [11]. The control 

system model has the following transfer functions: 

1
( )

400 1
rW p

p


 
– transfer function of the object of 

regulation according to the regulatory effect; 

0.2
( )

400 1
dW p

p


 
– transfer function of the object of 

regulation according to the disturbing effect; 
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( ) 0.2sW p  – transfer function of the sensor; 

10
( )

0.5 1
mW p

p


 
– transfer function of a magnetic 

amplifier; 

0.002
( )

(0.08 1)
eW p

p p


  
– engine transfer function in 

conjunction with the valve; 

10
( )

20 1
hW p

p


 
– transfer function of the heater. 

Main requirements for the quality of automatic 

control system. The main task of the regulator in the sys-

tem under consideration is to maintain the technological 

parameter and the room temperature at a given level while 

minimizing the influence of external disturbing influ-

ences. 

The system has the following requirements: 

– working out the set value without an error in a set-

tled mode; 

– transition time – no more than 500 seconds; 

– number of vibrations – no more than one, its ampli-

tude should not exceed 5 % of the set value. 

Simulation of ACS in the environment SimInTech 

and setting the coefficients of PID-regulator. The Rus-

sian SimInTech modeling environment was chosen as the 

system development environment for its analysis and op-

timization [12–14]. 

The initial complex dynamics model implemented in 

this software can be simplified. This provides verification 

of the basic principles of operation of the simulated object 

and its control system. As the design progresses, its indi-

vidual parts can be refined and supplemented to match the 

real object in as much detail as possible. 

To create a complex mathematical model, models of 

the main subsystems (submodels) implemented as sepa-

rate projects are combined into a single package [15]. To 

link projects to each other, the signals database is used, 

which is a file database that contains all the necessary 

variables for the projects to work. These variables are 

used to describe the model, visually represent the model-

ing process on video frames, exchange data with external 

modules etc. 

As a programming language, this software uses the 

built-in C language to write scripts that perform manipu-

lations with schema objects as they are calculated. 

The ACS scheme implemented in the SimInTech vis-

ual modeling environment is shown in fig. 2. The control 

object is placed in a submodel consisting of standard 

blocks, the composition of which is shown in fig. 3. 

In the “calculation of transient parameters” submodel, 

which is shown in fig. 4, automatic calculation of time 

indicators of control quality is performed: the control time 

and the maximum of the controlled value. In the script, 

basing on the data obtained (the steady value and its 

maximum) the overshooting value is calculated. 

The calculation of the control time – the time for 

which the value of the system reaches a new steady value 

is as follows: the mismatch signal module (control error) 

is applied to the middle (logical) input port of the key. 

Given that the complete process attenuation occurs at 

t→∞, the duration of the transition process is limited to 

the moment when the controlled value begins to deviate 

from the steady value by less than 5 %. Based on this, if 

the mismatch signal exceeds the specified five percent set 

point, the current model time (signal from the lower input 

port) is transmitted to the key output. If the control signal 

is less than the set point, the same signal is transmitted to 

the key output, but delayed by one integration step (the 

signal from the upper input port). Thus, after the calcula-

tion is completed, the variable «determining the control 

time» will contain the value of the transition time. 

All variables calculated during operation are recorded 

in the signal database. An example of a project signal 

database is shown in fig. 5. 

Detailed information about the database structure of 

the project (tab. 1). 

In the SimInTech visual modeling environment, the 

PID regulator is represented by a separate block of the 

“Discrete” library – “Discrete PID-regulator”. When im-

plementing the ACS scheme with an embedded PID-

regulator, shown in fig. 6, only the macroblock “Control 

object” is modified: the regulator, which parameter set-

ting is the task of this work, takes place after the compari-

son device.  

 

 

 
 

 

Fig. 1. Functional chart of automatic control system of room temperature 

 

Рис. 1. Функциональная схема САР температуры в помещении 
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Fig. 2. The automatic control system in the SimInTech environment 

 

Рис. 2. Система автоматического регулирования, введенная в схемное окно SimInTech 

 

 

 
 

Fig. 3. Composition of the «Control object» substructure 

 

Рис. 3. Состав субструктуры «Объект управления» 

 

 

 
 

Fig. 4. Composition of the substructure “Calculation of transition process parameters” 

 

Рис. 4. Состав субструктуры «Вычисление параметров переходного процесса» 
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Fig. 5 Design of the Signal Database of the Package 

 

Рис. 5. Внешний вид базы данных сигналов пакета 
 

 

 
 

Fig. 6. The automatic control system model with discrete PID regulator 

 

Рис. 6. Модель САР с дискретным ПИД-регулятором 

 

 
Table 1 

The list of signals of the project database 
 

Name Caption Data type 

tpp Transition time double 

Ymax Maximum value double 

Yust Current value double 

Est Statistic regulation error double 

G Overshooting double 

Kp Proportional coefficient of regulator double 

Ki Integrated coefficient of regulator double 

Kd Differential coefficient of regulator double 

 

The regulator block will be accessed via the signal da-

tabase: for this purpose, the corresponding variable from 

the signal database is specified in the properties of the 

control device block opposite to each of the components 

of the PID-regulator. The values of the regulator coeffi-

cients will change automatically, which allows accessing 

this object from any project in the package. 

In the dynamic environment SimInTech created a spe-

cial block “Optimizer”, located in the library “Analysis 

and optimization”, which allows you to perform an auto-

mated search for such values of variable parameters of the 

ACS, in which the dynamic characteristics of the ACS 

(and the transition process, in particular) meet one or 

more conditions (criteria) “optimalities”. The scheme of 

the system with the parameter optimization block is 

shown in fig. 7. 

The following algorithms are used as optimization 

methods that can be implemented in this block [13]: 
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1) Search – 2: an algorithm for dividing the step in 

half for one optimized parameter (n = 1) and an algorithm 

for converting the direction matrix for (n > 1) is imple-

mented. Next, we consider the multidimensional search 

algorithm. 

2) Search – 4: implements a quadratic interpolation 

algorithm for one optimized parameter (n = 1) and  

an algorithm for rotation and stretch-compression trans-

formations (n > 1). 

3) Simplex method: the “deformable polyhedron” 

method of Nedler and Mead is used, in which a function 

of n independent variables is minimized using (n + 1) 

vertices of the deformable polyhedron. Each vertex can be 

identified by the vector x. The vertex (point) at which the 

value of f(x) is maximal is projected through the center  

of gravity (centroid) of the remaining vertices. Improved 

(smaller) values of the objective function are found  

by sequentially replacing the point with the maximum 

value of f(x) with more “good” points until the minimum 

of  f(x) is found. 

The main task of using the “Optimizer” block is to 

correctly configure the required data, including: 

– names of variable parameters, limits of their change 

and calculation error; 

– names of local criteria and acceptable limits of their 

values; 

– calculated optimization method and its settings. 

Look at the process of configuring the parameters of 

the optimization block in details [13]. 

The optimization parameters are the transition time 

tpp and the maximum value Ymax during the transition 

process. Accordingly, the optimization should be calcu-

lated for the entire transition process, so in the “Parameter 

optimization mode” select “full transition process”. 

Using the properties “Maximum values of block out-

puts” and “Minimum values of block outputs”, we limit 

the search range for optimal system parameters. The pro-

portional and integral components will vary in the range 

[0.0001; 5], the differential – in the range [0.0001; 300]. 

In the “Absolute accuracy of selecting output values” 

property, we specify the accuracy when calculating the 

optimized parameters. 

The “Initial increment of outputs” property sets the 

first increment step when selecting optimum values. The 

larger the step, the faster the selected values change at the 

beginning of the search for the optimum, but there is a 

chance that the optimal value will be skipped. Set a step 

equal to “Absolute accuracy of selecting output values», it 

slows down the calculation, but guarantees the search 

with the specified accuracy. 

The “Minimum values of input optimization criteria” 

and “Maximum values of input optimization criteria” 

properties define the acceptable range of optimization 

criteria. According to the  requirements imposed on the 

system when setting the task for the synthesis of the regu-

lator, the value of overshoot should not exceed 5 % of the 

set value, the transition time when working out the task 

should not exceed 500 s. Thus, the minimum values of the 

optimization criteria are as follows: Ymax = 0.95; tpp = 0 s. 

The maximum values of the optimization criteria are:  

Ymax = 1.05; tpp = 500 s. 

The simplex method is chosen as the optimization 

method. 

The “Initial approximation of outputs of the block” 

property sets the vector of initial values of the optimized 

parameters. In this case, the optimized parameters are the 

coefficients of the PID-regulator. Add approximate values 

of the regulator parameters calculated by the Ziegler–

Nichols method to this property [16]. The result of con-

figuring the properties of the “Optimizer” block is shown 

in fig. 8. 

The setup procedure in the Ziegler-Nichols method 

has the following steps: 

1. Experimental study of the system: the studied sys-

tem with a given object of regulation is supplied with a 

proportional regulator, the gain coefficient Kp of which 

vary as long as at the output of the system the oscillations 

with constant amplitude are not set. 

2. Fixing of values: the value of the transmission coef-

ficient of the regulator, at which the system is at the boundary 

of stability and the period T* of steady-state oscillations in the 

system, is fixed and denoted by 
*
pK . 

3. Values of the PID-regulator parameters are calculated us-

ing the formulas given in tab. 2.  

This method is based on the use of data obtained ex-

perimentally on a real object and the use of stability re-

serves [15]. 

Experimental results of the study. The proportional 

coefficient *
pK  = 1.242 was determined experimentally, 

at which oscillations with a constant amplitude are estab-

lished in the system. From the graph, we determine the 

oscillation period T* = 577 s. 

Required parameters of the PID-regulator, according 

to table 2 have the following values: 

Kp = 0.7450; 

Ki = 0.0025; 

Kd = 53.755. 

Add data to the properties of the «Optimizer» block 

and configure parameters using the built-in tools of the 

SimInTech environment. 

Graphs of the transition process without the use of the 

controller and with the application controller of the PID 

type, the coefficients of which were obtained from calcu-

lations of the unit “Optimizer” is shown in fig. 9. 

For better comparison of the quality of the transition 

process, the designed in the course of work indicators  

of quality of regulation are summarized in tab. 3.  

 
 

Table 2 

PID-regulator parameters 
 

Type Kp Ki Kd 

PID-regulator 
*0.60 pK  

*

*

1.2 pK

T


 

* *0.075 pK T   
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Fig. 7. The automatic control system model with optimizer 

 

Рис. 7. Модель САР с оптимизатором 

 

 

 
 

Fig. 8. Properties of the “Optimizer” block 

 

Рис. 8. Свойства блока «Оптимизатор» 

 

 

Table 3 

Comparison of the quality of the transition process indicators 
 

Parameter Original scheme PID-regulator scheme 

Regulation time 
regt , s 11907 410 

Maximum value 
maxY  1.9 1.04 

Second maximum value 
max 2Y  1.8 – 

Overshooting σ, % 90.7 4 

Attenuation D 0.11 1 
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Fig. 9. Comparison of the automatic control system transition diagrams,  

where 1 is the original circuit, 2 is the circuit with the tuned PID regulator 

 

Рис. 9. Сравнение графиков переходного процесса САР: 

1 – исходная схема, 2 – схема с настроенным ПИД-регулятором 

 

 

From the graphs of the ACS transition process and 

control quality indicators presented in fig. 9 and tab. 3, 

respectively, we can conclude that it is advisable to use 

control devices in technological process control systems. 

The automated search for controller parameters using the 

built-in SimInTech dynamic modeling environment fully 

meets the system requirements: the process parameter, in 

this case, the room temperature, is maintained at the set 

level, the set value is processed without error in the 

steady-state mode, the transition time is reduced com-

pared to the original scheme and is less than 500 seconds, 

there are no fluctuations. The system is stable and effi-

cient. 

Automated adjustment of PID-regulator parameters 

using SimInTech's built-in tools has the advantage that the 

algorithm will work until it makes parameter settings that 

meet the required optimality criteria or, if this is not pos-

sible, selects such regulator coefficients so that the quality 

of system regulation is as close as possible to the required 

level. Moreover, several optimization methods are avail-

able, which allows to choose the best one for the designed 

system. 

This method does not require the direct presence of 

the operator, it only sets the necessary operating condi-

tions for the block, however, the configuration process 

can take a long time. 

At the same time, the “Optimizer” in the SimInTech 

environment can be used to configure the parameters of 

control devices and dynamic systems of various types. 

The main thing is to set the optimality criteria and initial 

approximations of the output variables correctly. 

Conclusion. In this paper, in the environment of dy-

namic modeling of SimInTech technical systems using 

standard blocks of general technical software libraries, a 

model of an automation object is developed and imple-

mented – a dynamic system with feedback on the example 

of an automatic temperature control system in a room. 

The application of such development environment tools 

as a database and a programming language is described. 

The system includes a proportional-integral-

differentiating regulator, which is a parallel connection of 

P-, I- and D-regulators in the form of a single block “Dis-

crete PID-regulator”. 

An automated search for PID-regulator parameters 

was performed using the built-in tools of the development 

environment – using the “Optimizer” block, a detailed 

description of the application and settings of which is 

described in this paper. The advantages and disadvantages 

of the configuration method identified during the project 

implementation are described. 

The results of the ACS simulation, as well as the sys-

tem with the control device, are confirmed by time graphs 

and mathematical calculations. The quality indicators of 

the system control process are compared based on the 

following indicators: control time, maximum value of the 

controlled value, overshoot, attenuation. 

Based on the results of system modeling, the feasibil-

ity of using SimInTech tools to determine the coefficients 

of a PID-type control device was evaluated. Conclusions 

are made about the effectiveness of this method: the sys-

tem meets the requirements for it in full. It is possible to 

use the SimInTech model parameter optimization block 

for dynamic systems of different orders and control de-

vices of different composition from the one under consid-

eration. 
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MODELS AND ALGORITHMS FOR AUTOMATIC GROUPING OF OBJECTS BASED  

ON THE K-MEANS MODEL 

 

G. Sh. Shkaberina*, L. A. Kazakovtsev, R. Li 

 

Reshetnev Siberian State University of Science and Technology 

31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

*Е-mail: z_guzel@mail.ru 

 

The paper is devoted to the study and development of new algorithms for automatic grouping of objects. The 

algorithms can improve the accuracy and stability of the result of solving practical problems, such as the problems of 

identifying homogeneous batches of industrial products. The paper examines the application of the k-means algorithm 

with the Euclidean, Manhattan, Mahalanobis distance measures for the problem of automatic grouping of objects with 

a large number of parameters. A new model is presented for solving problems of automatic grouping of industrial 

products based on the k-means model with the Mahalanobis distance measure. The model uses a training procedure by 

calculating the averaged estimate of the covariance matrix for the training sample (sample with pre-labeled data). A 

new algorithm for automatic grouping of objects based on an optimization model of k-means with the Mahalanobis 

distance measure and a weighted average covariance matrix calculated from a training sample is proposed. The 

algorithm allows reducing the proportion of errors (increasing the Rand index) when identifying homogeneous 

production batches of products based on the results of tests. A new approach to the development of genetic algorithms 

for the k-means problem with the use of a single greedy agglomerative heuristic procedure as the crossover operator 

and the mutation operator is presented. The computational experiment has shown that the new mutation procedure is 

fast and efficient in comparison with the original mutation of the genetic algorithm. The high rate of convergence of the 

objective function is shown. The use of this algorithm allows a statistically significant increase both in the accuracy of 

the result (improving the achieved value of the objective function within the framework of the chosen mathematical 

model for solving the problem of automatic grouping), and in its stability, in a fixed time, in comparison with the known 

algorithms of automatic grouping. The results show that the idea of including a new mutation operator in the genetic 

algorithm significantly improves the results of the simplest genetic algorithm for the k-means problem. 

 

Keywords: automatic grouping, k-means, Mahalanobis distance, genetic algorithm. 

 

 

МОДЕЛИ И АЛГОРИТМЫ АВТОМАТИЧЕСКОЙ ГРУППИРОВКИ ОБЪЕКТОВ  

НА ОСНОВЕ МОДЕЛИ K-СРЕДНИХ 

 

Г. Ш. Шкаберина, Л. А. Казаковцев, Ж. Ли 

 

Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 
Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 

*Е-mail: z_guzel@mail.ru 

 

Работа посвящена исследованию и разработке новых алгоритмов автоматической группировки объектов,  
которые позволяют повысить точность и стабильность результата решения практических задач, например,  

таких как задача выделения однородных партий промышленной продукции. В статье исследуется применение  
алгоритма k-средних с Евклидовым, Манхэттенским, Махаланобиса мерами расстояния для задачи автома- 

тической группировки объектов с большим количеством параметров. Представлена новая модель для решения  
задач автоматической группировки промышленной продукции на основе модели k-средних с мерой расстояния  
Махаланобиса. Данная модель использует процедуру обучения путем вычисления усредненной оценки ковариа- 

ционной матрицы для обучающей выборки (выборка с предварительно размеченными данными). Предложен  

новый алгоритм автоматической группировки объектов, основанный на оптимизационной модели k-средних  
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с мерой расстояния Махаланобиса и средневзвешенной ковариационной матрицей, рассчитанной по обучаю- 

щей выборке. Алгоритм позволяет снизить долю ошибок (повысить индекс Рэнда) при выявлении однородных  
производственных партий продукции по результатам тестовых испытаний. Представлен новый подход к раз- 
работке генетических алгоритмов для задачи k-средних с применением единой жадной агломеративной  

эвристической процедуры в качестве оператора скрещивания и оператора мутации. Вычислительный экспе- 
римент показал, что новая процедура мутации является быстрой и эффективной по сравнению с исходной  

мутацией генетического алгоритма, показана высокая скорость сходимости целевой функции. Применение  
данного алгоритма позволяет статистически значимо повысить точность результата (улучшить достигае- 
мое значение целевой функции в рамках выбранной математической модели решения задачи автоматической  

группировки), а также его стабильность за фиксированное время по сравнению с известными алгоритмами  

автоматической группировки. Результаты показывают, что идея включения нового оператора мутации  

в генетическом алгоритме значительно улучшает результаты простейшего генетического алгоритма  

для задачи k-средних. 
 

Ключевые слова: автоматическая группировка, k-средних, расстояние Махаланобиса, генетический алго-

ритм. 

 

Introduction. Automatic grouping (AG) involves di-

viding a set of objects into subsets (groups) so that objects 

from one subset are more similar to each other than to 

objects from other subsets according to some criterion. 

General characteristics of the object and the methods by 

which the division took place are taken into account in the 

process of grouping objects of a certain set into certain 

groups (subsets). 

To exclude the emergence of unreliable electrical ra-

dio products intended for installation in the on-board 

equipment of a spacecraft with a long period of active 

existence, the entire electronic component base passes 

through specialized technical test centers [1; 2]. These 

centers perform operations of full incoming inspection of 

electrical radio products, additional verification tests, di-

agnostic non-destructive testing and selective destructive 

physical analysis. Detection of initial homogeneous pro-

duction batches of electrical radio products from shipped 

batches is an important stage during testing [1]. 

The k-means model is one of the best known cluster 

analysis models. The goal is to find k points (centers)  

X1, …, Xk in d-dimensional space, such that the sum  

of the squared distances from known points (data vectors) 

A1, …, AN to the nearest of the required points (centers) 

reaches a minimum [3]: 
 

2

1 1 {1, }
arg min ( ,..., ) min .

N

k j ii j k
F X X X A

 
        (1) 

 

Initially it is necessary to predict the number of groups 

(subsets) in the k-means algorithm. In addition, the result 

obtained depends on the initial choice of centers. The 

distance function and its definition also play an important 

role in the problem of dividing the set under study into 

groups. 

The first genetic algorithm for solving the discrete p-

median problem was proposed by Hosage and Goodchild 

[4]. The algorithm [5] gives fairly accurate results. How-

ever, the rate of convergence of the objective function is 

very slow. In their work O. Alp, E. Erkut, Z. Drezner [6] 

presented a faster simple genetic algorithm with a special 

recombination procedure, which also gives accurate re-

sults. These algorithms solve discrete problems. The au-

thors of the work “Genetic algorithm-based clustering 

technique” [7] encode solutions (chromosomes) in their 

GAs as sets of centroids, represented by their coordinates 

(vectors of real numbers) in a multidimensional space. 

The analysis of the literature has shown that the exist-

ing solutions in the field of AG of multidimensional ob-

jects either have high accuracy, or ensure the stability of 

the result with multiple runs of the algorithm, or have 

high speed of operation, but do not combine all these 

qualities at the same time. To date, algorithms for k-

means and k-medians have been developed only for the 

most common distance measures (Euclidean, Manhattan). 

However, taking into account the feature space peculiari-

ties of a specific practical problem when choosing a dis-

tance measure can lead to increasing the accuracy of AG 

objects. In the presented work, we use the Rand Index 

(RI) [8] as a measure of the clustering accuracy. 

It is extremely difficult to improve the AG result of 

multidimensional objects with increased requirements for 

the accuracy and stability of the result using known algo-

rithms without a significant increase in time costs. When 

solving practical problems of the AG of multidimensional 

data, for example, the problems of identifying homogene-

ous batches of industrial products, the adequacy of the 

models and, as a result, the accuracy of the AG of indus-

trial products are questionable. It is still possible to de-

velop algorithms that further improve the result based on 

the chosen model, for example, the k-means model. 

In a multidimensional feature space, there is often a 

correlation between individual features and groups of 

features. The use of correlation dependences can be used 

by moving from search in the space with the Euclidean or 

rectangular metric to search in the space with the Maha-

lanobis metric [9–11]. The square of the Mahalanobis 

distance DM is defined as follows: 
 

1( ) ( ) ( )T
MD X X C X    ,                 (2) 

 

where X is the vector of values of the measured parame-

ters, µ is the vector of mean values (for example, the cen-

ter of the cluster), C is the covariance matrix. 

The aim of the study in the presented work is to im-

prove the accuracy and stability of the result of solving 

problems in automatic grouping of objects. 

The idea of the work is to use the Mahalanobis dis-

tance measure with the averaged estimate of the covari-

ance matrix in the k-means problem to reduce the propor-

tion of the AG error in comparison with other known al-



 

 
 

Информатика, вычислительная техника и управление 
 

 349

gorithms, and also to use the mutation operator as a part 

of the genetic algorithm to improve the accuracy and sta-

bility of the solution according to the achieved value of 

the objective function in a fixed execution time in com-

parison with known algorithms for separating objects. 

Initial data. The study was carried out on the data of 

testing the batches of integrated circuits [12], intended for 

installation in space vehicles. The tests were carried out in 

a specialized center for technical tests. The data is a set of 

parameters for electrical radio products (ERP). The origi-

nal batch of ERI belongs to different homogeneous 

batches, in accordance with the manufacturer's marking. 

The total number of products is 3987. In each batch, the 

product is described by 205 measured parameters. Batch 1 

contains 71 products, batch 2 – 116 products, batch 3 – 

1867 products, batch 4 – 1250 products, batch 5 –  

146 products, batch 6 – 113 products, and batch 7 –  

424 products. 

The algorithm of k-means with the Mahalanobis 

distance with an averaged estimate of the covariance 
matrix over the training sample. The computational 

results of experiments on automatic grouping of industrial 

products with k-medoid and k-means models, in which the 

Mahalanobis metric is applied, show an increase  

in clustering accuracy with automatic grouping into  

2–6 clusters and a small number of objects and informa-

tive features [13]. 

Instead of the covariance matrix from (2), it was pro-

posed to calculate the averaged estimate of the covariance 

matrix for homogeneous batches of products (according 

to pre-labeled data) using the training sample: 
 

1

1 k

j j

j

C C n
n 

  ,                            (3) 

 

where nj is the number of objects (products) in the j-th 

batch, n is the total sample size, Cj are the covariance ma-

trices of individual batches of products. 

In this paper, we propose an algorithm for automatic 

grouping of objects based on the k-means model with the 

adjustment of the Mahalanobis distance measure parame-

ter (covariance matrix) based on the training sample: 

The algorithm of 1. k-means with the Mahalanobis 

distance with averaged estimate of the covariance  

matrix 

Step 1. Using the k-means method with Euclidean dis-

tance, divide the sample into a certain number of k clus-

ters (here k is some expert estimate of the possible num-

ber of homogeneous groups, not necessarily accurate); 

Step 2. Calculate the center µi for each cluster. The 

center is defined as the arithmetic mean of all points in 

the cluster 

1

1 m

i ji

j

X
m 

   ,                            (4) 

 

where m is the number of points, Xj is a vector of values 

of one measured parameter (j = 1...m); 

Step 3. Calculate the averaged estimate of the  

covariance matrix (3). If the averaged estimate of the co-

variance matrix is degenerate, go to step 4, otherwise go 

to step 5; 

Step 4. Increase the number of clusters by (k + 1) and 

repeat steps 1 and 2. Form new clusters with the squared 

Euclidean distance: 
 

2

1

( , ) ( )
n

j i ji i

i

D X X


   ,                (5) 

 

where n is the number of parameters. Return to step 3 

with a new training example (set). 

Step 5. Match each point to the nearest centroid using 

the square of the Mahalanobis distance (2) with the aver-

aged estimate of the covariance matrix C (3) to form new 

clusters. 

Step 6. Repeat the algorithm from step 2 until the 

clusters stop changing. 

The paper presents the results of three groups  

of experiments on the data of industrial product  

samples. 

The first group. The training sample corresponds to 

the working sample for which the clustering was carried 

out. 

The second group. The training and working samples 

are not the same. In practice, a test center can use retro-

spective data on deliveries and testing of products of the 

same type as a training sample. 

The third group. The training and working samples 

also do not match, but the results of the automatic 

grouping of products (k-means in the multistart mode 

with the Euclidean metric) were used as the training 

sample. 

In each group of experiments, for each working sam-

ple, the k-means algorithm was run 30 times with each of 

the five clustering models studied. 

DM1model – k-means with the Mahalanobis distance, 

the covariance matrix is calculated for the entire training 

sample. 

DC model – k-means with a distance similar to the 

Mahalanobis distance, but using a correlation matrix in-

stead of a covariance matrix. 

DM2 model – k-means with Mahalanobis distance, 

with averaged estimate of the covariance matrix. 

DR model – k-means with the Manhattan distance. 

DE model – k-means with the Euclidean distance. 

For each model, the minimum (Min), maximum 

(Max), average (Average) values, standard deviation 

(Std.Dev) of the Rand index (RI) and the objective func-

tion, as well as the values of the coefficients of variation 

(V) and the range (R) of the target functions (tab. 1) are 

calculated. 

It was found that the new DM2 model with an aver-

aged estimate of the covariance matrix shows the best 

accuracy among the presented models in almost all series 

of experiments according to the Rand index (RI) and in 

all cases it exceeds the DE model, where the Euclidean 

distance is used. The experiments also showed that in 

most cases the coefficient of variation of the objective 

function values is higher for the DE model, where the 

Euclidean measure of distance is used, and also that the 

coefficient of the range of the objective function values 

has the highest values for the DM2 model, where the Ma-

halanobis distance measure with an averaged estimate of 

the covariance matrix is used.  
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Table 1 

The results of a computational experiment on the data of the 1526IE10_002 microcircuit (3987 data vectors  

with a dimension of 68), the training sample consists of 10 batches, the third group, the working sample  

is made up of 7 batches of products) 
 

Rand index (RI) Objective function 

Model Model V-series 

DM1 DС DM2 DR DE DM1 DС DM2 DR DE 

Max 0.767 0.658 0.749 0.740 0.735 255886 379167 281265 18897 6494.62 

Min 0.562 0.645 0.696 0.703 0.705 250839 36997 274506 17785 5009.42 

Average 0.632 0.650 0.725 0.714 0.719 252877 37178 277892 18240 5249.95 

Std .Dev 0.047 0.003 0.016 0.008 0.006 1164.5 152.8 2358.9 452.7 366.5 

V      0.461 0.411 0.849 2.482 6.981 

R      5047 920 6759 1112 1485 

 

 

Therefore, multiple attempts to run the k-means algo-

rithm or to use other algorithms based on the k-means 

model (for example, j-means [14] or greedy heuristic  

algorithms [15]) are required to obtain consistently good 

values of the objective function. 

Genetic cross-mutation algorithm for the k-means 

problem. The new algorithm improves the accuracy of 

solving the k-means problem and the stability of the result 

in a fixed limited execution time. In this chapter, by the 

accuracy of the algorithm we mean exclusively the 

achieved value of the objective function, without taking 

into account the indicators of the model adequacy and the 

correspondence of the algorithm results to the actual (real) 

separation of objects, if known. 

A very limited set of possible mutation operators is 

known for genetic algorithms for solving the k-means 

problem with real coding of solutions. For example, the 

authors of the work “Genetic algorithm-based clustering 

technique” [7] encode solutions (chromosomes) in their 

GAs as sets of centroids represented by their coordinates 

(vectors of real numbers) in a multidimensional space. 

Each chromosome undergoes mutation with a fixed  

probability . The procedure (operator) of mutation  

is as follows. 

Algorithm 2 3.1 Initial GA mutation procedure for the 

k-means problem 

Step 1. Generation of  a random number b(0,1] with 

uniform distribution; 

Step 2. IF b < , then the chromosome mutates. If the 

position of the current centroid is  , then after mutation  

it becomes: 

2 , 0,

2 , 0.

b

b

    
    

 

The signs “+” and “–” have the same probability. The 

centroid coordinates are shifted randomly. 

In our work we replaced this mutation procedure for 

the k-means problem with the following procedure. 

Algorithm 3 3.2 GA cross mutation procedure for the 

k-means problem 

Step 1. Generating a random initial solution S =  

= {X1 ... Xk}; 

Step 2. Applying the k-means algorithm to S to obtain 

the local optimum S’; 

Step 3. Applying a simple crossover procedure for the 

mutated individual S’ from the population and S to obtain 

a new solution S’’; 

Step 4. Applying the k-means algorithm to S’’ to ob-

tain local optimum S’’; 

Step 5. IF F(S’’) < F(S’), THEN S’ ← S’’. 

The proposed procedure is used with a mutation prob-

ability of 1 after each crossover operator. 

The results of running the original algorithm 2,  

described with a mutation probability of 0.01, and  

its version with algorithm 3 as a mutation operator are 

shown in the figure (population size NPOP = 20). The new 

mutation procedure is fast and efficient in comparison 

with the original mutation of the genetic algorithm; a high 

convergence rate of the objective function has been 

shown. 

Greedy genetic algorithms and many other evolution-

ary algorithms for the k-means problem do without muta-

tion. The idea of a greedy agglomerative heuristic proce-

dure is to combine two known solutions into one unac-

ceptable solution with an excessive number of centroids, 

and then the number of centroids is successively reduced. 

The centroid which shows the smallest increase  

in the objective function value (1) is removed at each  

iteration. 

Algorithm 4.  Basic greedy agglomerative heuristic 

procedure 

It is given: the initial number of clusters K, the re-

quired number of clusters k, k < K, the initial solution 

1{ ,..., }KS X X , where |S| = K. 

STEP 1. Improve the initial solution by the k-means 

algorithm 

WHILE K > k 

CYCLE for each ' {1,K}i  perform: 

STEP 2. ' '{ }iS S X . Improve the solution S’ by the 

k-means algorithm and store the        corresponding ob-

tained values of the objective function (1) as variables 
' '{ }iF F X . 

END OF CYCLE 

STEP 3. Select the subset Selim  from the centers nelim, 

elimS S , |Selim |=nelim with the minimum value of the 

corresponding variables '
'

i
F . max{1,0.2 (| | )}elimn S k   . 
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STEP 4. Get a new solution / elimS S S , K = K – 1. 

Improve the solution by the k-means algorithm. 

END WHILE 

The initial solution S  can also be obtained by com-

bining two known solutions. Algorithms 5 and 6 modify 

the initial solution by the second known solution. In fact, 

Greedy procedure 1 supplements the first set in turn with 

each element from the second set. Greedy procedure 2 

combines both sets. 

Algorithm 5. Greedy procedure 1 with partial join 

It is given: Two sets of cluster centers 

1

' ' '{ ,...,X }
K

S X  и 
1

'' '' ''{ ,...,X }
K

S X  

Cycle: for each ' {1,K}i   

Step 1. Combine S’ and one element from the 

set '' '' ''
1: { ,..., }KS S S X X  . 

Step 2. Run Algorithm 3.3 with the initial solution S 

and save the result. 

END OF CYCLE 

Step 3. Revert the best solutions saved in Step 2. 

 

Algorithm 6. Greedy procedure 2 with full set union 

It is given: Two sets of cluster centers 

1

' ' '{ ,...,X }
K

S X  and 
1

'' '' ''{ ,..., }
K

S X X  

Step 1. Combine two sets of cluster centers 
' ''S S S  . 

Step 2. Run Algorithm 3 3.3 with the initial  

solution S. 

 

The basic genetic algorithm (GA) for k-means prob-

lems is described as follows: 

Algorithm 7. GA with the alphabet of real numbers 

for the k-means problem 

It is given: Initial population size NPOP 

STEP 1. Choose NPOP of initial solutions 1,...,S
POPNS , 

where |Si|=k, and 1{ ,...,S }
POPNS is a randomly selected 

subset of the set of data vectors. Improve each initial solu-

tion by the k-means algorithm and store the corresponding 

obtained values of the objective function (1) as variables 

( ), 1,k k POPf F S k N  . 

CYCLE 

STEP 2. IF the stop condition is met, THEN STOP. 

Return the solution *
*, {1, }POPi

S i N   with the minimum 

value *i
f . 

STEP 3. Randomly select 2 indices 1 2, {1, }POPk k N , 

1 2k k . 

STEP 4. Start crossing procedure: 

1 2
(S ,S )c k kS Crossingover  . 

STEP 5. Start mutation procedure: 

( )c cS Mutation S  . 

STEP 6. Start the chosen selection procedure to 

change the population set. 

END OF CYCLE 

The following algorithm is proposed At STEP 6. 

Algorithm 8. Selection procedure 

STEP 1. Randomly select 2 indices 4 5, {1, }POPk k N , 

4 5k k . 

STEP 2. IF 
4 5k kf f  THEN 

4k cS S , 

4
( )k cf F S , ELSE 

5k cS S , 
5

( )k cf F S . 

 

A GA with greedy heuristic for p-medians and  

k-means problems can be described as follows. 

Algorithm 9. A GA with greedy heuristic for  

p-medians and k-means problems (modifications GA-

FULL, GA-ONE и GA-MIX) 

It is given: Population size NPOP. 

Step 1. Set 0iterN  . Choose a set of initial solutions 

1{ ,..., }
POPNS S , where |Si| = k. Improve each initial solu-

tion by the k-means algorithm and store the corresponding 

obtained values of the objective function (1) as variables 

( ), 1,k k POPf F S k N  . In this work the initial value  

of the population is NPOP = 5.  

Cycle 

Step 2. IF the stop condition is met, THEN STOP. 

Return the solution *
*, {1, }POPi

S i N  with the minimum 

value *i
f , ELSE set the population size as follows: 

1iter iterN N  ; ,max{ [ 1 ]}POP POP iterN N N  ; IF 

NPOP has changed, THEN generate a new one 
POPNS  as 

described in Step 1. 

Step 3. Randomly select 2 indices 1 2, {1, }POPk k N , 

1 2k k . 

Step 4. Run Algorithm 5 (for GA-ONE*)  

or Algorithm 6 (for GA-FULL*) with solutions 
1k

S   

and 
2kS . For GA-MIX* Algorithm 5 or Algorithm 6 are 

chosen at random with equal probability. Get a new solu-

tion cS . 

Step 5. ( )c cS Mutation S By default the mutation 

procedure is not used. 

Step 6. Run Algorithm 5 

END OF CYCLE 

* GA-ONE is a genetic algorithm with greedy heuris-

tic with partial union, GA-FULL is a genetic algorithm 

with greedy heuristic with full union; GA-MIX is a ran-

dom choice of algorithms 5 or 6 

 

This algorithm uses a dynamically growing popula-

tion. In our new version of Step 5, the cross mutation op-

erator looks like this. 

Algorithm 10. A cross mutation operator for Step 5  

of Algorithm 9 (modifications GA-FULL-MUT,  

GA-ONE-MUT and GA-MIX-MUT) 

Step 1. Run the k-means algorithm for a randomly se-

lected initial solution to obtain solution S’. 
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Step 2. Run Algorithm 5 (for GA-ONE) or Algorithm 

6 (for GA-FULL) with solutions  cS  and  S  . Get a new 

solution '
cS . 

Step 3. If ( ) ( )c cF S F S  , THEN '
c cS S . 

 

Computational experiments with datasets from the 

Machine Learning Repository, Basic Benchmark reposito-

ries, as well as with data from industrial product samples 

(tab. 2) were carried out. New modifications of three GAs 

(GA-FULL-MUT, GA-ONE-MUT and GA-MIX-MUT) 

were compared with the well-known j-means and k-means 

algorithms (in multistart mode), GA without mutation 

(GA-FULL, GA-ONE and GA-MIX), automatic grouping 

algorithms for the k-means problem with combined appli-

cation of search algorithms with alternating randomized 

neighborhoods formed by applying greedy agglomerative 

heuristics (k-GH-VNS1, k-GH-VNS2, k-GH-VNS3)  

and also for the j-means  (j-means GH-VNS1, j-means  

GH-VNS2) problem. 30 attempts were made to run each 

algorithm for all datasets. For each algorithm, the mini-

mum (Min), maximum (Max), average (Average) values 

and the standard deviation (Std.Dev.) of the objective 

function were calculated. 

The best values of the new algorithms (*) are high-

lighted in bold, the best values of the known algorithms 

are indicated in italics, the most achieved values of the 

objective function are underlined (tab. 2). The Mann-

Whitney U-test ( ) and Student's t-test ( ) were 

used to confirm the statistical significance of the advan-

tages ( ) and disadvantages ( ) of the new algo-

rithms over the known algorithms. 

The performed computational experiments show that 

GA with a greedy agglomerative crossover operator with 

a new idea of the mutation procedure is superior to GA 

without mutation in terms of the obtained value of the 

objective function. 

 

 

 

 
Results for data set Mopsi-Joensuu (6014 data vectors of dimension 2), 300 clusters, time limit 3 minutes 

 

Результаты для набора данных Mopsi-Joensuu (6014 векторов данных  

размерностью 2), 300 кластеров, 3 минуты 

 

 

 

 

Table 2 

Results of computational experiments for the Europe dataset (169309 data vectors of dimension 2),  

30 clusters, 4 hours 
 

Objective function value Algorithm 

Min Max Average Std.Dev. 

j-means 7.51477E+12 7.60536E+12 7.56092E+12 29.764E+9 

k-means 7.54811E+12 7.57894E+12 7.56331E+12 13.560E+9 

k-GH-VNS1 7.49180E+12 7.49201E+12 7.49185E+12 0.073E+9 

k-GH-VNS2 7.49488E+12 7.52282E+12 7.50082E+12 9.989E+9 

k-GH-VNS3 7.49180E+12 7.51326E+12 7.49976E+12 9.459E+9 

j-means-GH-VNS1 7.49180E+12 7.49211E+12 7.49185E+12 0.112E+9 

j-means-GH-VNS2 7.49187E+12 7.51455E+12 7.4962E+12 8.213E+9 

GA-FULL-MUT* 7.49293E+12 7.49528E+12 7.49417E+12 0.934E+9 

GA-MIX-MUT* 7.49177E+12 7.49211E+12 7.49186E+12 0.117E+9 

GA-ONE-MUT* 7.49177E+12 7.49188E+12 7.49182E+12 0.042E+9 
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Conclusion. The proposed new model of automatic 

grouping of industrial products and a new algorithm based 

on an optimization model of k-means with Mahalanobis 

distances and a trained covariance matrix can reduce the 

proportion of errors (increase the Rand index) when iden-

tifying homogeneous production batches of products. The 

presented new genetic algorithm for the k-means problem 

with the original idea of using one procedure as the cross-

over operator and the mutation operator demonstrates a 

more accurate and stable result of the objective function 

value in a fixed execution time. 
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THE INFLUENCE OF THE METHOD OF FUEL SUPPLY INTO THE COMBUSTION CHAMBER  
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The burning of fuel in the combustion chamber of a gas turbine engine (GTE) is accompanied by formation of toxic 

substances. The most dangerous among them are carbon oxides that have a detrimental effect on humans and environ-

ment. In this regard the article is solving the urgent problem of determining the optimal method of gaseous fuel supply-

ing in GTE combustion chamber to ensure low carbon-oxide emissions. 

The paper presents the design features of injectors that work with a separate supply of air and fuel. Natural gas is 

used as fuel. One of the considered injectors provides jet fuel supply by means of a perforated spray, and another one 

provides twisted fuel supply by means of a swirler built into the fuel channel. The main geometric parameters of the 

injectors are given as well, such as the size of the swirler, the number of blades, and the diameter of the output nozzle. 

In this regard the quality of air-fuel mixture preparation in a swirl jet in the outlet of the burner with two types of in-

jector is defined. It is found that the best quality of mixing is ensured by the injector with jet spray. 

The design of a heat pipe simulator, in which the tested nozzle is placed, is considered. The design of a stand instal-

lation designed for testing injectors in a heat pipe simulator, as well as the modes under which these tests were carried 

out, are presented. The results were obtained in a heat pipe simulator with installed jet injectors and injectors with a 

swirling fuel jet. An analysis was conducted, which resulted in conclusions about the effectiveness of using jet injectors. 

According to the conducted research, the parameters of the injector with a swirling fuel jet are characterized by the 

presence of high values of CO levels in the combustion products, which is explained by the extremely low quality of 

mixing fuel with air and, consequently, low efficiency of fuel combustion. Jet fuel injection has low CO values, which 

indicates good quality of mixing fuel with air and high efficiency of a combustion process. As a result, we have received 

recommendations on setting the selected type of injectors in a full-size combustion chamber. 

 

Keywords: combustion chamber of gas-turbine engine, emission reduction, diffusion combustion,  injector, burner, 

mixing. 

 

 

ВЛИЯНИЕ СПОСОБА ПОДАЧИ ТОПЛИВА В КАМЕРУ СГОРАНИЯ  

НА КАЧЕСТВО СМЕШЕНИЯ И ОБРАЗОВАНИЕ ОКСИДА УГЛЕРОДА 

 

А. В. Бакланов 

 
Казанский национальный исследовательский технический университет им. А. Н. Туполева – КАИ 

Российская Федерация, 420111, г. Казань, ул. К. Маркса, 10 

E-mail: andreybaklanov@bk.ru 

 

Сжигание топлива в камере сгорания газотурбинного двигателя сопровождается образованием токсичных 
веществ. Особую  опасность среди них представляют окислы углерода, оказывающие вредное воздействие  
на человека и окружающую среду. В связи с этим в статье решается актуальная задача по определению  

оптимального способа подачи газообразного топлива в камеру сгорания ГТД для обеспечения низкого вы-

броса СО. 

В работе представлены особенности конструкции форсунок, которые работают с раздельной подачей 

воздуха и топлива. В качестве топлива используется природный газ. Одна из рассмотренных форсунок обеспе-
чивает струйную подачу топлива при помощи перфорированного распылителя, а другая – закрученную подачу 
топлива при помощи завихрителя, встроенного в топливный канал. Также приведены основные геометриче-
ские параметры форсунок, такие как размеры завихрителя, количество лопаток, диаметр выходного сопла. 
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Произведено определение качества подготовки топливовоздушной смеси в закрученной струе на выходе  
из горелок с двумя типами форсунок. Установлено, что наилучшее качество смешения обеспечивает форсунка 

со струйным распылом топлива. 

Рассмотрена конструкция имитатора жаровой трубы, в который помещается испытываемая форсунка. 

Представлена конструкция стендовой установки, предназначенной для испытания форсунок в имитаторе 
жаровой трубы, а также режимы, при которых данные испытания проводились. Получены результаты  

в имитаторе жаровой трубы с установленными струйными форсунками и форсунками с подачей закрученной 

топливной струи. Проведен анализ, по результатам которого сделаны выводы об эффективности применения 
струйных форсунок. В соответствии с проведенными исследованиями параметры форсунки с подачей закру-
ченной топливной струи характеризуются наличием высоких значений уровня СО в продуктах сгорания, что 

объясняется крайне низким качеством перемешивания топлива с воздухом и, следовательно, низкой эффек-
тивностью сжигания топлива. Форсунка со струйной подачей топлива имеет низкие значения СО, что сви-

детельствует о хорошем качестве смешения топлива с воздухом и высокой эффективности организации  

горения. В результате получены рекомендации о постановке выбранного типа форсунок в полноразмерную 

камеру сгорания. 
 
Ключевые слова: камера сгорания ГТД,  снижение выбросов вредных веществ, диффузионное горение, фор-

сунка, горелка, смешение. 
 
Introduction. The quality of the preparation of air-

fuel mixture in the combustion chambers of gas turbine 

engines largely determines the level of emissions of toxic 

substances, herewith the quality of mixing is ensured by 

the way fuel is fed into the combustion chamber [1]. For 

this reason, the issue of the reasonable choice of a fuel 

supply method and determination of its influence on the 

formation of toxic substances in the combustion products 

of gas turbine engines is relevant. The main toxic sub-

stances in the combustion of hydrocarbon fuels are nitro-

gen oxides and carbon monoxide [2], therefore, reducing 

the level of their concentration is one of the most impor-

tant tasks of engine manufacturers. 

The burner unit of the annular combustion chamber 

includes an annular plate in which swirling gas burners 

are installed regularly around the circumference, between 

the inner and outer shells of the flame tube (fig. 1). In the 

center of these burners there are injectors that provide fuel 

supply [3]. 

 

 
 

Fig. 1. Burner device of a serial combustion chamber: 
1 – injector; 2 – swirler; 3 – mixing chamber;  

4 – jet nozzle 

 

Рис. 1. Схема горелочного устройства серийной КС: 
1 – форсунка; 2 – завихритель; 3 – камера смешения;  

4 – сопловой насадок 

 
The fuel supplied by the gas injectors 1 along the axis 

of each of the burners is mixed in the mixing chamber 3 

with the air flow swirling in the swirler 2. As a result,  

in the primary zone of the chamber behind the nozzle 

heads 4 of each of the swirling burners, flows of the fuel-

air mixture are formed, these flows have paraxial circula-

tion areas. The presence of such areas ensures the circula-

tion of hot combustion products and active centers from 

the combustion zone to the base of the fresh mixture 

torch, which creates conditions for stable ignition  

and flame stabilization. 

The fuel supply method can be jet in the form of fuel 

jets and in the form of a swirling fuel jet. This paper con-

siders two injectors operating on gaseous fuel, which dif-

fer in the way of fuel supply [4]. 

The principle of operation of the first one is to supply 

a swirling gas stream from the center of the burner. The 

injector (fig. 2) includes: body 2, screw 1 with a nut 

(plug) 3 and a throttling washer 4. 

 

 
 

Fig. 2. Centrifugal gas injector: 
1 – screw; 2 – injector body; 3 – nut (plug);  

4 – throttling washer 

 

Рис. 2. Центробежная газовая форсунка: 
1 – шнек; 2 – корпус форсунки; 3 – гайка (заглушка);  

4 – дросселирующая шайба 
 
The body of the injector 2 is made with an internal 

passage for supplying gas and with the metering holes A 

for gas outlet. The body has a flange with holes for attach-
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ing the injector to the combustion chamber body and a 

threaded channel for installing the screw 1. The throttling 

orifice 4 is installed to provide the required gas flow 

through the injector. 

The injector operates in the following way: gas flows 

from the gas collecting main through pipelines to the in-

jectors, passes through the fuel passage in the injector 

body. Getting on the blades of the screw 1, it twists and 

leaves the metering holes A. Mixing with the air that goes 

out of the burner swirler, the gas enters the combustion 

chamber [4]. Such an injector can be classified as a cen-

trifugal gas injector. 

The screw installed inside the injector body (fig. 3)  

is a swirler with four blades twisted along a helical curve 

of right-hand thread, stroke – 32 mm, blade thickness –  

1 mm. 

 

 
 

Fig. 3. Injector screw (swirler): 
Douter screw = 10.5 mm; Dinner screw = 5 mm;  

αo = 45
o
;
  аo  =  4 mm; S1 = 5 mm 

 

Рис. 3. Шнек (завихритель) форсунки: 
Днар.шн.= 10,5 мм; Двнутр.шн.= 5 мм; αo = 45

o
;
  

аo =  4 мм; S1 = 5 мм 

 
The second injector (fig. 4) differs from the first one 

in that the screw is excluded from the design, and at the 

tip of the injector there are four equally spaced holes (in-

stead of one hole) for gas outlet [5]. 

To check the quality of fuel-air mixing behind the 

burner with a jet gas injector in comparison with a cen-

trifugal gas injector, additional studies were carried out  

to determine the quality of the preparation of the  

fuel-air mixture at the outlet from the burners with these 

injectors. 

 

 
 

Fig. 4. Jet gas injector. Four holes  

with the diameter d = 2.9 mm 

 

Рис. 4. Струйная газовая форсунка.  
Четыре отверстия диаметром d = 2,9 мм 

The studies were carried out on a testing stand (fig. 5), 

which includes three systems: air supply, gas supply and 

measurement system.  

The burner is placed on the test-bench equipment as 

follows: the injector is installed in the receiver body, to 

the connecting branch of which fuel is supplied. The 

burner is placed with the sleeve part in the orifice of the 

receiver cover. The fuel from the jet injectors is fed into 

the inner cavity of the jet nozzle, as a result, fuel-air mix-

ture is formed at the outlet of the burner. The fuel is sup-

plied to the propellant feed system from the cylinder 

manifold. Carbon dioxide (CO2) is used as a gas to re-

place methane. To measure the concentration fields at the 

outlet of the burner, a coordinate device with a receiver of 

the gas analyzer called PKU-4-MK-S is installed. This 

device allows us to move the detector receiver axially and 

radially. Concentration measurements are made from the 

center of the burner, for which the nozzle axis “0”  

is taken, with further movement of the sampling instru-

ment in both directions along the burner nozzle, across  

the jet every 4 mm. According to this principle, measure-

ments are performed repetitively in seven sections:  

at the nozzle exit section  and every 50 mm up to the dis-

tance of 300 mm [6]. 

The measurements of CO2 concentrations in the 

burner jets were also aimed at determining the distance  

at which the concentration pattern is equalized, as well as 

at fixing the rate of concentration change along the jet 

axis [7; 8]. 

To visualize the intensity of the mixing process, fig. 6 

shows the characteristics of СО2 = f (r), showing in detail 

the change in the concentration over the cross section of 

the swirling jet. 

According to the data in fig. 6, it can be seen that be-

hind the burner with a centrifugal gas injector, there is no 

significant expansion of the mixing area, which is associ-

ated with the formation of the high flow rate of fuel gas, 

which leads to the high ejection ability of the jet forming 

a narrow flow core, in which intensive mixing of fuel 

with air occurs. Beyond the relative coordinate 
max

irr
r

  

corresponding to the value of 0.5, mixing does not occur, 

since this area contains practically no fuel. 

The burner with a jet gas injector has a wide concen-

tration field and its low level, which is explained by the 

volumetric recirculation zone provided by the presence of 

jet fuel supply, which makes it possible to mix fuel with 

air throughout the entire volume of the swirling jet 

formed behind the jet nozzle. 

The quality of preparation was assessed analyzing the 

dependence characterizing the maximum relative devia-

tion of concentration from the mean integral value of the 

concentration field [9]: 

max mi

mi

C C
C

С


 ,                         (1) 

where maxC  – maximum value in the measured concen-

tration field; miС  – mean integral value of concentration. 

In accordance with this dependence, the indicator of 

the ideally regular distribution of the concentration of the 

air-fuel mixture in the section is the value C  0. 
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Fig. 7 shows that the best mixing quality in all seven 

sections is observed for the burner with a jet gas injector. 

That proves the quality of the mixture preparation. 

The measurements of the concentration fields behind 

the swirl burners confirm that the mixing process is 

achieved in the burner with a jet gas injector due to the jet 

fuel supply to the recirculation zone, and in the burner 

with a centrifugal gas injector due to the high ejection 

ability of the swirling fuel jet inside the air stream swirled 

in the opposite direction [10]. 

Further studies comprised placing the injectors into 

the combustion chamber in order to determine the emis-

sions of nitrogen oxides and carbon monoxide. The com-

partment is 1/8 part of a full-size combustion chamber, 

consisting of an outer and inner shell, a flame tube with a 

burner unit, in which four burners with injectors are in-

stalled. The combustion can is bounded by cooling side-

walls on both sides [11]. 

The combustion chamber compartment is studied on a 

testing stand, the diagram of which is shown in fig. 8. The 

stand is equipped with the necessary systems for measur-

ing and registering parameters. The stand includes a gas 

turbine engine (blowing engine), which is used to supply 

compressed air to the tested compartment of the combus-

tion chamber 3. Air is taken from the high-pressure com-

pressor, then it enters through the pipeline into the central 

line 1.  Air consumption is measured by a flow meter.  

The stand is equipped with a measuring section 2 with 

recording the readings of a pressure sensor 4, 5; the air 

temperature is controlled by a chromel-alumel thermo-

couple 6. The fuel (natural gas) is supplied through the 

fuel system 7 to the fuel manifold 8 of the combustion 

chamber compartment, and then it enters the front-line 

device and injectors. To measure the temperature in the 

outlet of the compartment, a survey rake 12 is installed at 

the outlet of it, the data from which is transmitted to the 

recording equipment 13. To determine the composition of 

combustion products, a gas sampling probe 9 and a line 

for transporting combustion products 10 to the gas analyz-

ing equipment 11 are located at the outlet of the com-

partment. 

The gas analyzer testo350 [12] is used to determine 

the CO content in combustion products. 

The compartments were tested under the following 

conditions: Air pressure Pa = 1.37 kPa, Air flow  

Ga = 1.72 kg / s, Air temperature Ta = 488 K, superficial 

velocity speed λ = 0.28. The change in the excess air ratio 

was carried out by reducing the fuel consumption. 

After determining the component composition of 

combustion products for carbon monoxide, the emission 

index iEI  is calculated, according to the equation [13]: 

3
0(1 ) 10i

i i i

в
EI L 

    


.             (2)  

 

 

 
 

Fig. 5. Structure of test stand:  
1 – Heater; 2 – outlet reducer; 3 – pressure gauge; 4 – cutoff valve; 5 – flow meter; 6 – tee joint; 7 – burner; 8 – gas analyzer;  

9 – ventilation device for removing carbon dioxide from the working room; 10 – coordinate table; 11 – receiver; 12 – flow meter;  

13 – electromagnetic valve; 14 – moisture separator; absolute pressure and СО2 temperature sensors installed upstream  

of the flow meter (throat); sensor for measuring pressure difference across the СО2 path; absolute pressure  

and air temperature sensors installed upstream of the flow meter; and sensor for measuring air pressure difference  

installed upstream of the receiver 

 

Рис. 5. Принципиальная схема стенда:  
1 – нагреватель; 2 – выходной редуктор; 3 – манометр; 4 – отсечной клапан; 5 – расходомер; 6 – тройник;  

7 – горелка; 8 – газоанализатор; 9 – вентиляционное устройство для отвода углекислого газа из рабочего помещения;  

10 – координатный стол; 11 – ресивер; 12 – расходомер 13 – электромагнитный клапан; 14 – влагоотделитель 
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Fig. 6. Field of CO2 concentrations in various sections of a swirling jet: 
а – centrifugal gas injector (CGI); b – with jet injector (JI) 

♦ – nozzle cut;  ■ – 50 mm; ▲– 100 mm; × – 150 mm; ◊ – 200 mm; □ – 250 mm; ∆ – 300 mm 

 
Рис. 6. Поле концентраций СО2 в различных сечениях закрученной струи: 

а – ЦБГФ; b – СГФ 

♦ – срез сопла;  ■ – 50 мм; ▲ – 100 мм; × – 150 мм; ◊ – 200 мм; □ – 250 мм; ∆ – 300 мм 

 

 

Where L0 = 16.7 – stoichiometric coefficient  

of methane combustion (kg of air / kg of fuel); i – total 

or local air-to-fuel ratio; i  – molar mass of the deter-

mined toxic substance;  µв – molar air mass; i  – volume 

fraction of a toxic substance (ppm). When calculating 
iEI  

we have taken the following values of molar masses:  

µсо = 28.010 kg / kmol and µв = 28.964 kg / kmol  

[14; 15]. 

According to the results of the measurements (fig. 9), 

it can be seen that the value of the carbon monoxide emis-

sion index in the compartment with a jet gas injector has 

decreased by half compared to the compartment with a 

centrifugal gas injector.  
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The results showed that it is preferable to use gas  

distribution with the help of jet feed, which, in contrast  

to the supply of swirling fuel jets, not only increases  

the interface of the mixed media, but it also allows us  

(by appropriate orientation and range of the jets) to dis-

tribute fuel over the air flow section with the required 

concentration profile in the flame tube in a simple and 

reliable way.  

 

 

 
 

 

Fig. 7. The quality of the preparation of the air-fuel mixture in a swirling stream: 
■ – the burner with centrifugal gas injector (CGI);  – the burner with jet injector (JI) 

 

Рис. 7. Качество подготовки топливовоздушной смеси в закрученной струе: 
■ – горелка с ЦБГФ;  – горелка с СГФ 

 

 

 

 

 
 

 

Fig. 8. Stand for testing the sections of a combustion chamber 

 

Рис. 8. Стенд для исследования отсеков камеры сгорания 
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Fig. 9. CO index at the outlet of the compartment: 
♦ – JI; ■ – CGI 

 
Рис. 9. Индекс СО на выходе из отсека: 

♦ – СГФ; ■ – ЦБГФ 

 

 

Conclusion. 

1. The organization of  jet fuel supply will allow us to 

perform the most efficient combustion of gaseous fuel in 

comparison with the fuel supply with a swirling jet, which 

makes it possible to halve the index of carbon monoxide 

in the combustion products of the combustion chamber 

compartment. 

2. Jet fuel supply provides better preparation of a fuel-

air mixture. 

3. It is recommended to install a jet gas injector  

as a measure to reduce carbon monoxide in combustion 

products of a gas turbine engine. 
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The study of heat transfer from combustion products (CP) to the impeller and the casing of gas turbines of liquid 

rocket engines (LRE) is an urgent task. 

The solution of the flow problem, taking into account heat transfer, in rotational flows, in the flowing parts of the 

turbopump units (TPU) of the rocket engine, is carried out by the following methods: numerical methods; analytical 

approach, when solving the equations of dynamic and temperature boundary layers; as well as using empirical depend-

encies. The temperature parameter of the gaseous combustion products and, as a consequence, the heat exchange be-

tween the combustion products and the structural elements of the flow part, significantly affects the working and energy 

characteristics of the TPU LRE. 

When designing gas turbines of LRE, it is necessary to take into account the presence of heat exchange  

processes, the working fluid temperature distribution and the structural element temperatures in the cavities of the TPU 

LRE (since energy losses and viscosity depend on the temperatures of the working fluid, and also determine the 

flow parameters). The temperature distribution in the structural elements determines the performance and reliability  

of the unit. 

In the case of the use of cryogenic fuel components in the TPU LRE units the heating of the component leads to the 

implementation of cavitation modes and a drop in operating and energy characteristics. On the other hand, a lowered 

temperature of the working fluid leads to an increased viscosity of the components and, as a consequence, a decrease in 

the efficiency of the unit (especially when using gel-like components). 

When studying heat transfer in the field of centrifugal forces for elements of rocket engine gas turbines it is neces-

sary to obtain a joint solution of the equations of dynamic and temperature boundary layers in the boundary conditions 

of the flow parts. 

This article offers a model of the distribution of dynamic and temperature boundary layers taking into account the 

convective component (for the case of a gaseous working fluid, i. e. Pr < 1), which is necessary for the analytical solu-

tion and determination of the heat transfer coefficient in the boundary conditions of the flow cavities of the LRE turbine. 

The energy equation has been analytically obtained for the boundary conditions of the temperature boundary layer, 

which allows integration over the surface of any shape, which is necessary in determining the thickness of the energy 

loss. Taking into account the integral relation, the heat transfer law of the turbulent boundary layer for the rotation 

cavities is written. The equations for determining the heat transfer coefficient in the form of the Stanton criterion for 

rectilinear uniform and rotational flows for cases of turbulent flow regimes were obtained analytically. The obtained 

equations for heat transfer coefficients are in good agreement with experimental data and dependences of other au-

thors. 

 

Keywords: heat transfer coefficient, temperature boundary layer, turbopump unit, power parameters, turbine. 
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Исследование теплоотдачи от продуктов сгорания (ПС) к рабочему колесу и корпусу газовых турбин жид-

костных ракетных двигателей (ЖРД) является актуальной задачей. 

Решение задачи течения с учетом теплообмена при вращательных течениях в проточных частях турбона-

сосных агрегатов (ТНА) ЖРД осуществляется следующими способами: численными методами, аналитическим 

подходом при решении уравнений динамического и температурного пограничных слоев, а также с использова-

нием эмпирических зависимостей. Параметр температуры газообразных ПС и, как следствие, теплообмен 

между ПС и конструктивными элементами проточной части значительно влияет на рабочие и энергетиче-
ские характеристики ТНА ЖРД. 

При проектировании газовых турбин ЖРД необходимо учитывать наличие теплообменных процессов, рас-
пределение температур рабочего тела и температур конструктивных элементов в полостях ТНА ЖРД (так 
как энергетические потери и вязкость зависят от температур рабочего тела, а также определяют пара-

метры течения). Распределение температур в конструктивных элементах определяют работоспособность  
и надежность агрегата. 

В случае применения криогенных компонентов топлива в агрегатах подачи ТНА ЖРД, подогрев компонента 

приводит к реализации кавитационных режимов и падению рабочих и энергетических характеристик. С дру-
гой стороны, пониженная температура рабочего тела приводит к повышенной вязкости компонентов и сни-

жению КПД агрегата (особенно при использовании гелеобразных компонентов). 
При исследовании теплоотдачи в поле центробежных сил для элементов газовых турбин ЖРД необходимо 

получить совместное решение уравнений динамического и температурного пограничных слоев в граничных 
условиях проточных частей. 

Предложена модель распределения динамического и температурного пограничных слоев с учетом конвек-
тивной составляющей (для случая газообразного рабочего тела, т. е. Pr < 1), необходимая для аналитического 

решения и определения коэффициента теплоотдачи в граничных условиях проточных полостей турбины ЖРД. 

Аналитически получено уравнение энергии для граничных условий температурного пограничного слоя, позво-

ляющего вести интегрирование по поверхности любой формы, необходимое при определении толщин потери 

энергии. С учетом интегрального соотношения записан закон теплообмена турбулентного пограничного слоя 
для полостей вращения. Аналитическим путем получены уравнения для определения коэффициента теплоот-

дачи в виде критерия Стантона для прямолинейного равномерного и вращательных течений для случаев тур-

булентных режимов течения. Полученные аналитические уравнения для коэффициентов теплоотдачи хорошо 

согласуются с экспериментальными данными и зависимостями других авторов. 
 

Ключевые слова: коэффициент теплоотдачи, температурный пограничный слой, турбонасосный агрегат, 

энергетические параметры, турбина. 

 

Introduction. Considering the features of heat trans-

fer in the flowing parts of turbopump units (TPU) of liq-

uid rocket engines (LRE) is an urgent task. Currently, 

taking into account the features of the flow with heat 

transfer during the implementation of the potential and 

vortex rotational flow in the flow parts is mainly carried 

out by the following methods: using empirical equations, 

numerical and analytical methods for solving differential 

equations in partial derivatives [1]. 

The first method does not always provide the required 

accuracy in calculating the hydrodynamic and thermal 

characteristics of rotational flows taking heat transfer into 

account and requires additional specifying experimental 

studies. As a rule, this entails quite a bit more time and 

material costs for setting up and conducting research. 

Numerical methods are quite difficult to use when car-

rying out engineering calculations and require their im-

plementation in specialized software. Numerical research 

methods use direct numerical simulation (DNS method) 

and the averaged Navier-Stokes and Reynolds equations 

(RANS method). The choice of method depends on the 

complexity of the problem and the accuracy of the results. 

The RANS method is often used with the k-ε and k-ω 

turbulence models [2–7]. The issues of heat transfer dur-

ing the flow around a curved surface with a longitudinal 

curvature of the working fluid gaseous flow were also 

considered in [8–10], where cases of flow around turbine 

blades were investigated. In [11], convective heat transfer 

in a channel with periodic protrusions was studied on the 

basis of multiblock computational technologies based  

on the solution of the Reynolds equations closed by the 

Mentor model of shear stress transfer using the factorized 

finite-volume method and the energy equation on multis-

cale intersecting structured grids. 

The analytical method allows obtaining analytical  

dependences applicable for engineering calculations in a 



 

 
 

Сибирский журнал науки и технологий.  Том 21,  № 3 
 

 366

wide range of possible variations of design and opera-

tional parameters. Analytical methods, as a rule, were 

developed for a rectilinear uniform flow, and have a num-

ber of limitations. One of the earliest studies is the work 

of E. L. Knuth [12], in which the analysis is based on an 

extended Reynolds analogy with the transfer of heat, 

mass, and momentum in a developed turbulent flow  

in a pipe. The use of the velocity and temperature distri-

bution profiles in the boundary layer was proposed by  

W. D. Rannie [13] and modified by D.L. Turcotte [14]. 

Turcotte sublayer analysis took into account the effect  

of heat transfer on turbulence. The analytical methods  

for determining the heat transfer coefficients proposed in 

[15; 16] take into account convective heat transfer in LRE 

chambers and are performed for a rectilinear turbulent 

flow. A one-dimensional analytical model for subcritical 

conditions was also proposed by S.R. Shine [17]. 

Design features of liquid rocket engine turbopump 

units (LRE TPU) turbines and the object of the study. 

During design, the diameter of the LRE TPU turbine is 

selected taking into account the layout and ensuring the 

minimum dimensions and is limited by the strength of the 

turbine rotor. From the analysis of adiabatic work it is 

known that with a selected working fluid the greatest 

value of adiabatic work is achieved at high temperatures 

and large pressure ratios. 

The use of high temperatures is limited by the struc-

ture operability. LRE use uncooled turbines. Due to the 

design features and materials used the working fluid tem-

perature in front of an uncooled turbine is limited, as a 

rule, for a reducing gas of 1000–1200 0С, for an oxidizing 

gas of 700–900 0С. The higher the temperature in front of 

the turbine can be assumed, the less pressure should be in 

front of the turbine. Due to the design features, LRE tur-

bines are single-stage and rarely two-stage. 

High temperatures of the working fluid lead to tem-

perature deformations, including turbine disks [18]. When 

designing the flowing parts of the units and assemblies of 

the LRE TPU, it is necessary to take into account the 

change in the working fluid flow temperature along the 

length of the working channel, since the viscosity parame-

ter is a function of temperature and determines the flow 

regime and, as a result, losses, in particular, disk friction 

and hydrodynamic losses in the flowing part. 

The optimal level of the turbopump units (TPU) en-

ergy parameters stability is ensured in the course of de-

velopment work by adjusting the geometric dimensions of 

parts and assembly the gas-dynamic path units, choosing 

technological schemes for dimensional processing, as-

sembly and turbine testing with the involvement of static 

material significant amount. In this regard, the LRE TPU 

energy parameters’ modelling represents an urgent scien-

tific and technical problem. The parameter optimization 

of the workflow and the mathematical model of the pro-

pulsion system (PS) are considered by V.A. Grigoryev 

[19], where the analysis of models was carried out and the 

advantages and disadvantages for various design stages 

were revealed. 

The requirements for the TPU design are formed on 

the basis of the tasks performed by the propulsion system 

(PS) into which the TPU is integrated as a single unit. 

And the requirements for the TPU design are formed on 

the basis of the tasks performed by the propulsion system 

(PS), into which the TPU is an integral part with which it 

is assembled as a single unit. Requirements for PS fully 

apply to the TPU: to ensure at all engine operating modes 

the supply of fuel components with the required flow rate 

and pressure with a high degree of reliability and effi-

ciency; provide minimum dimensions and weight; sim-

plicity of design and minimal cost. 

The main object of study where the potential and vor-

tex rotational flow occurs is the structural elements of the 

flowing parts of gas turbines of the rocket engine: inlet 

and outlet device, the cavity between the stator and the 

impeller [20]. 

The research problem. In the generalized problem 

formulation of fluid flow during heat exchange with the 

surface of aggregates, such as compressors, expanders, 

pumps of cryogenic components, etc., it is necessary to 

take into account the change in flow temperature along 

the length of the working channel, since viscosity, as a 

function of temperature, mainly determines the flow re-

gime and, as a result, hydraulic losses [21]. 

For the case of incompressible fluid flow, it is neces-

sary and sufficient to jointly solve the equations of motion 

and energy in the boundary conditions of the spatial 

boundary layer [22]; for a compressible fluid, the system 

must be supplemented with the equation of state. 

The processes of heat transfer in power stations are 

largely similar, but there are certain differences in the 

analysis and derivation of heat transfer equations for the 

boundary conditions of the liquid propellant rocket en-

gine. The main differences are as follows: extremely high 

values of heat fluxes, temperatures and pressures, the 

presence of high flow velocities, the initial turbulent state 

of flows in the core, working fluids can be in a gaseous 

and liquid state, surface curvature effects, the presence of 

density and compressibility gradients, non-stationarity 

heat fluxes and the presence of flow instability in the ac-

tive zone of heat transfer [23]. 

The heat transfer law of a turbulent flow of a spa-

tial boundary layer temperature. The integral relation 
of the energy equation. For Prandtl numbers less than 

unity (Pr < 1 is characteristic of gaseous working fluids, 

including combustion products), the thickness of the dy-

namic boundary layer is below the thickness of the tem-

perature boundary layer, i. e., δ < δt (fig. 1). At very low 

Prandtl numbers (liquid metals), molecular thermal con-

ductivity is the main mechanism of heat transfer and can-

not be neglected even in a turbulent flow core. At low 

Prandtl numbers, thermal resistance is distributed over the 

entire flow section [24]. 

If we assume that at the boundary of the dynamic 

boundary layer, the temperature changes due to the trans-

fer of velocity, and beyond its boundary – only due to 

molecular thermal conductivity. This assumption is in 

good agreement with Case's conclusions, since at very 

low Prandtl numbers the thickness of the dynamic bound-

ary layer is much less than the thickness of the tempera-

ture boundary layer. Accordingly, thermal resistance is 

present throughout the thickness of the temperature 

boundary layer. Within the boundaries of the dynamic 

boundary layer, thermal resistance is due to turbulent heat 

transfer and outside the boundaries of the dynamic 
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boundary layer thermal resistance is due to molecular 

thermal conductivity. 

 

 
 

Fig. 1. Temperature distribution model  

and dynamic boundary layers at Pr < 1 

 

Рис. 1. Модель распределения температурного  

и динамического пограничных слоев при Pr < 1 

 

The equation of the thickness of the energy loss of the 

temperature boundary layer could be considered as [25]: 
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

 
    

 .                     (1) 

The integration boundaries of the thickness of the en-

ergy loss (1) must be divided into two characteristic sec-

tions. The first integration section lies at the boundary of 

the thickness of the dynamic boundary layer δ, the second 

integration section lies at the boundary of the end of the 

thickness of the dynamic boundary layer δ to the end of 

the temperature boundary layer δt. 

The thickness of the energy loss equation (1) for the 

distribution of the temperature model and dynamic 

boundary layers under consideration, with the accepted 

model of splitting into two characteristic integration sec-

tions, can be written as: 
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Using equation (2), it becomes possible to determine 

the form of the heat transfer law for the case Pr < 1. For 

further use, equation (2) needs to be integrated taking into 

account the accepted laws of distribution of the velocity 

profile in the boundary layer. Next, we first consider the 

power-law profile, then the gradient profile. 

The distribution of the dynamic boundary layer is ap-

proximated by a power function of the form 

1

mu y

U

    
. 

The distribution of the temperature boundary layer is 

approximated by a function of the form 

1

0

0

m

t

T T y

T T

 
    

. 

Given the accepted model of the distribution of dy-

namic and temperature boundary layers and the distribu-

tion function of the parameters of the dynamic and tem-

perature layers, we write the equation for the thickness of 

the energy loss: 
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If we take into account that in the first term of equa-

tion (3), the distribution profiles of the dynamic and tem-

perature boundary layers coincide. Then, within the 

boundaries of integration of the first term of equation (3), 

the thicknesses of the temperature and dynamic boundary 

layers coincide, i. e. δt = δ. Considering the second term 

of equation (3), we note that there is no change in the  

dynamic boundary layer along the Y axis at the integra-

tion boundaries and the flow velocity is equal to the flow 

velocity in the flow core. Then the distribution of the dy-

namic boundary layer in the second term of equation (3) 

can be written as 

1

1
mu y

U

    
. 

Also, in the second term of equation (3.3), a change in 

the diagram of the temperature boundary layer occurs 

only due to molecular thermal conductivity. It should be 

noted that for this section of the profile diagram is as fol-

lows: 

t t

T T y

T T



 


 

 
. 

Taking into account the condition of conjugation of 

the temperature and dynamic profiles for the physical 

model of thermal conductivity at Pr < 1 (fig. 2) with the 

convective component, we write: 

0

0

1 1
T T y

T T

        
. 

In this case, the equation for the thickness of the en-

ergy loss, taking into account the accepted two-layer 

model of the distribution of the temperature boundary 

layer with the presence of heat transfer under the condi-

tion Pr < 1, can be rewritten as: 

1 1

**

0

1 1 1 1
t

m m

t

y y y
dy dy






                                      
   

1 1

0

1 1 .
t

m my y y
dy dy





 
                           

 
         (4) 

Let us replace the variables in the equation of the 

thickness of the energy loss of the temperature boundary 

layer (4): 
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1 1

0

1 1
m my y

A dy

  
              

 
 , 

2 1
t y

A dy





        
 . 

Consider the first term of the equation: 

  

1 1

0

1 1
1 2

m my y m
A dy

m m

  
                 

 
 .    (5) 

 

 
 

Fig. 2. The pairing of temperature and dynamic profiles  

for the physical model at Pr < 1: 
 – dynamic boundary layer with a power-law velocity  

distribution;  – temperature boundary layer 

 

Рис. 2. Сопряжение температурного и динамического 

профилей для физической модели при Pr < 1: 
 – динамический пограничный слой со степенным  

распределением скорости;  – температурный  

пограничный слой 

 

We define the second term of the equation to deter-

mine the thickness of the energy loss of the temperature 

boundary layer: 

 
2

21

2 1
2 2

t

t
t

y

y
A dy









                    .  (6) 

Then the equation for the thickness of the energy loss 

(4) taking into account (5) and (6) can be written as 

  
 2

**

1 2 2

t
t

m

m m


   
  

  
.               (7) 

Taking into account that 

t

x




, 

after transformations we get 

  

2

**

1 2 2
t

m x

m m


        
  

,                (8) 

or 

  
 2

**

2

1

1 2 2
t

xm

m m x


 
   

 
 

  
 2

2

1
.

1 2 2

xm

m m x

  
   
   

               (9) 

For the heat transfer law in the form of the Stanton 

criterion, it is necessary to determine the derivative of the 

temperature boundary layer on the wall of the heat trans-

fer surface. Since the derivative does not exist formally 

for m < 1, we determine it from the accepted two-layer 

model of turbulence with a laminar sublayer. Given that 

in the laminar sublayer, the profiles of the dynamic and 

temperature boundary layers coincide, based on the ac-

cepted model 

2
2 1

0 л
2

0 л0

m

ty

T T U

y T T U



 

    
           

,             (10) 

we express the thickness of the dynamic boundary layer 

from (9): 

  
 

**

2

2

1

1 2 2

t

xm

m m x

 
 


 

.             (11) 

Then the temperature boundary layer thickness is de-

fined as 

  
 

**

2
1

1 2 2

t

t
xxm

m m x

 
 


 

.            (12) 

Using the equation for the thickness of the energy loss 

(12) and performing the transformations for the derivative 

on the wall of the heat exchange surface of the tempera-

ture boundary layer distribution profile (10), and also tak-

ing into account the heat transfer law, we obtain 

  
 

2

1

2
л

2 **
л

2

St

1

1 2 2

m

p t

U

C U
U

xxm

m m x





 
 
 
     
    
 
  

   

  (13) 

or 

  
 

2
2 1

2 1

11 2
л

1

1 2 2
St

m

m

mm
p

xxm

m m x

C U






  
 

      
    
 

 

 
2

** 1

1
.

m
t








                            (14) 
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Considering the distribution profile turbulization de-

gree of the thermal and dynamic boundary layers  

at 7m  , we write 

0,25 1,5 0,75 ** 0,25
л

1
St

( )p tC U 


  
   

 

 
0,25

2
17

.
72 2

x
x

x

  
  
 
 

                  (15) 

For the practical implementation of the heat transfer 

law, it is necessary to determine the value of л . It is 

found from the condition that the laminar sublayer closes 

with the turbulent profile [25] at лy    and profile de-

gree at 7: 

  

  
   

 

  
   

 

0,25

2

2 1

1,5

л 2

2 1

1 2

1 1

1 2 2 3
.

1 1
0,012 56

1 2 2 3

m

m

xm

m m

x mxm
x

m m x m

x mxm

m m x m





 
    

       
       

      
      

 

 

Now we finally get the equation for determining the 

laminar sublayer coefficient of the turbulent temperature 

boundary layer distribution profile for the admitted 

model: 
1

18
л 12,5496Pr  . 

 

We write the integral relation of the energy equation 

of the boundary layers taking into account the heat trans-

fer law (14): 

   

  
 

** **

** **

2
2 1

2 1

11 2
л

1 1
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m

m
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p

H H

H H

H H H H

xxm
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 
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




 
     
 

 
      

 

  
 

     
    
 

 

 
 
 

0

2

2
0** 1

11
.

pm
t

C T T





  
 

 


                  (16) 

Assuming relative characteristic thickness 

**

**

1 t

t

J





 
 

,                                (17) 

we write 

   ** **1
t t

J

H H
 

 

 
     
 

 

** **1
t t

H HJ

H H H H

 
 

   

 
      

 
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 
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1

1 2 2

m

m

mm
p
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m m x
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




  
 

     
    
 

 

 
 
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2
0** 1

11
.

pm
t

C T T





  
 

 


                    (18) 

We consider a rectilinear uniform flow under the fol-

lowing boundary conditions: 0





, 1H H   , 

0
H H  

 
 

 [26]. 

Then the integral relation of the energy equation for 

the rectilinear uniform flow (18) is transformed to the 

equation 

  
 

2
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 
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                  (19) 

For a rotational flow realized in the cavities of energy 

and power-generating units, the stream line is an annular 

line. Let us write the integral relation of the energy equa-

tion (18) in cylindrical coordinates, taking into account 

that for an axisymmetric flow at ε = const the relations are 

, , , 1, 1, 0,
H HR

R H R H
R

 
 

 
         

  
 

0




 [27; 28]: 
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.                (20) 

The integral relation of the energy equation (20) is 

necessary for recording and determining the energy loss 

thickness of the temperature spatial boundary layer, which 

is included in the equation for determining the local heat 

transfer coefficient in the Stanton criterion form. 
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Local heat transfer under various laws of the ex-

ternal flow. For a rectilinear uniform flow, we neglect the 

dissipative term and obtain the integral relation of the 

energy equation (19) in the following form: 
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.                       (21) 

Next, we separate the variables and integrate from 

zero to the current value of the variables: 
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 (23) 

Taking into account the heat transfer law equation 

(14) and the resulting equation for the thickness of the 

energy loss (23), we write: 
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(24) 

After transformations and considering equations for 

the Prandtl criteria Pr
pC 

  
 and Reynolds 

Re ,
U  

  
 we obtain an equation for determining the 

local heat transfer coefficient in the form of the Stanton 

criterion of a rectilinear uniform flow with a power-law 

distribution profile of the velocity and temperature dia-

grams at Pr < 1: 
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Then we will consider the rotational flow. Neglecting 

the dissipative term in the integral relation of the energy 

equation (20), we obtain 
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We take into account that the rotational flow is real-

ized according to the law of a solid body const
U

R

    
 

 

and then equation (26) is transformed to 
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We introduce the intermediate notation: 
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This equation is solved by the substitution method, 

where y u  : 

2 2 2

1 1 1m m m

du d B
u u

dR dR R
u R  

 
  



, 

2 2 2

1 1 1m m m

d du B
u

dR R dR
u R  

      
 



. 

The function   must satisfy the condition 

0
d

dR R

 
  , then 

1

R
  , where 

 
 

23

1
3

2 1

m

m
BR m

u
m








, 

 
 

23
**

1
31

2 1

m

m
t

BR m
y

R m





   


 

 
 

123
11

3
,

2 1

mm
mm

BR m
R

m

    





               (28) 

  
 

 

 

2

1

2
2 1

3

1

1

1 2
л 1

** 1

1

1 2 2
3

.
2 1

m
p

m

m

m

m

m

m

m
t

J C

xxm

m m x
m

R
m















 

 

  
 

     
   
   


 

With the provision for the heat transfer law equations 

(14) and the resulting equation for the energy loss thick-

ness (28), we determine the Stanton criterion for rota-

tional flow according to the law of a solid body of the 

power-law distribution profile of the temperature bound-

ary layer and Pr < 1: 

  
 

  
 

 
 

2
2 1

2 1

11 2
л

2

1

2

1

2
23 1

1
1

1
1

1 2
л

1

1 2 2

St .

1

1 2 2 3

2 1

m

m
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m

m
p

m m

m
m

m
m

m

xxm

m m x

J C U

J C

xxm

m m x m
R

m










 








  
 

   
 
    
 

  
  
 
 
   
  

              
 

(29) 

After the transformation and considering Prandtl’s cri-

teria Pr
pC 

  
 and Reynold’s Re ,

U  
  

 the local 

heat transfer coefficient in the form of the Stanton crite-

rion for rotational flow according to the law of a solid 

body for the case Pr < 1 can be defined as: 

2

3

1 1
л3

1 2 ( 1)
St

( 3)Re
Pr

m

m m

m

J m

m



 


  
    

 

  
    

2(m 3) 4
2 1 31

.
1 2 2

m mxxm

m m x

 
   

  
   

          (30) 

Next, the rotational flow will be considered, which is 

carried out according to the free vortex 

law  constUR C  , in this case, the energy equation 

integral relation (26) takes the form 

** **

2

1

t t

m
p

d

dR R
J C C

 



  
  



 

  
 

 

2
2 1

2

1

1 2
**1 2 1

л

1

1 2 2
0.

m

m

m

m m
t

xxm

m m x R






 



  
 

     
    
 

  (31) 

After replacement: 
**
t y  , 

  
 

2
2 1

2 1

11 2
л

1

1 2 2
,

m

m

mm
p

xxm

m m x
D

J C C






  
 

     
    
 

 

we solve the equation (31) similarly to the case of rota-

tional flow according to the law of a solid body for Pr < 1 

by substitution y u  , where 

1

R
  , 

1

23

1

32

m

m

m

m

D R
u







 .                     (32) 

Then the energy loss thickness is determined as 

1

3**

2

m

m

t

D
R





    
 

,                            (33) 

or, after substitution: 
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       

  (34) 
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Substituting the equation for determining the energy 

loss thickness (34) in the equation of the heat transfer law 

(14), we obtain 

  
 

  
 
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2 1

2 1

11 2
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1 1
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




  
 

   
 
    
 

 
    

  
  
  

     
           
          

   

(35) 

After transformations and with regard to the Prandtl 

Pr
pC 

  
 and Reynolds criteria Re ,

U  
  

 we 

determine the local heat transfer coefficient in the form of 

the Stanton criterion for rotational flow according to the 

law of the free vortex for the case Pr < 1: 

1

3

1
St

Pr

m

m




   

  
 

2

2 3

1
л

12

1 2 2Re

m

m

xJ xm

m m x





      
      

.   (36) 

Thus, the equations for the local heat transfer coeffi-

cient are determined in the form of the Stanton criterion 

for various laws of the external flow for the power-law 

profile of the velocity distribution in the boundary layer 

for the case Pr < 1. 

In fig. 3 shows the influence of the Prandtl criterion 

on friction and heat transfer according to various studies 

[29]. In the range of Prandtl number values Pr > 1, the 

obtained theoretical dependences for dimensionless heat 

transfer coefficients in the form of Stanton criteria, taking 

into account the integral relation of the energy equation, 

are in good agreement with the results of other authors.  

Cf represents the friction coefficient. 

The heat transfer coefficient in the form of the Nusselt 

criterion is a product of the criteria of Stanton, Reynolds 

and Prandtl RePrNu St . 

The distribution graph of the dimensionless heat 

transfer coefficient in the form of the Nusselt criterion 

for turbulent rotational flow according to the solid body 

law with the Prandtl criterion Pr = 0.7 is shown in fig. 4. 

The theoretical dependence determined by the model 

with a convective component gives the best agreement 

with the results of experimental studies and does not 

exceed 3.5 %. Also, the best convergence of the results 

determined by the model with the convective component 

is given by the theoretical dependence obtained by the 

affine-like model and the theoretical dependence  

obtained by J. M. Owen [30] and do not exceed 1.5 and 

2.66 % respectively. 

Discrepancy of theoretical data obtained by theoretical 

dependence using a model with a convective component 

with a dependence obtained by I. V. Shevchuk [31] ac-

counted for 9.5 %. A discrepancy with the dependence 

obtained L. A. Dorfman [32] is 16.7 %.  

 

 

 
 

Fig. 3. Comparison of various theories of the analogy between friction  

and heat transfer in turbulent flows at Re = 107 

 

Рис. 3. Сравнение различных теорий аналогии между трением  

и теплообменом в турбулентных потоках при Re = 107 
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Fig. 4. The dependence of the dimensionless heat transfer coefficient  

of turbulent rotational flow according to the law of a solid body at Pr = 0.7 

 

Рис. 4. Зависимость безразмерного коэффициента теплоотдачи турбулентного  

вращательного течения по закону твердого тела при Pr = 0,7 

 

 

 

 
 

Fig. 5. The dependence of the dimensionless heat transfer coefficient  

of a turbulent rotational flow according to the free vortex law at Pr = 0.7 

 

Рис. 5. Зависимость безразмерного коэффициента теплоотдачи турбулентного  

вращательного течения по закону свободного вихря при Pr = 0,7 

 

 

In fig. 5 shows a distribution graph of the dimen-

sionless heat transfer coefficient in the form of the Nus-

selt criterion for the turbulent potential rotational flow 

according to the law of the free vortex under the Prandtl 

criterion Pr = 0.7. The theoretical dependence, which was 

determined by the model with a convective component, is 

in good agreement with the results of experimental studies 

and does not exceed 5 %. 

The discrepancy between the theoretical data obtained 

from the theoretical dependence using the model with the 

convective component and the model with affine-like 

profiles does not exceed 3.5 %. The theoretical depend-
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ences obtained from the distribution models of the tem-

perature and dynamic boundary layers with a convective 

component and with affine-like profiles at Pr = 0.7 give 

fairly close results, due to the close similarity of the dis-

tribution of the temperature and dynamic layers, and are 

close to the case Pr = 1. 

From the fig. 5 graph we can conclude that the ob-

tained theoretical dependences are in the region deter-

mined by other authors, but the comparison of the results 

is not correct, since the theoretical dependences were ob-

tained for other boundary conditions of the potential rota-

tional flow according to the law of the free vortex. 

The obtained theoretical dependencies and the de-

pendences of other authors are in the same range and are 

suitable for engineering calculations and data analysis. It 

should be noted that the boundary conditions of flow and 

heat transfer, such as speed, viscosity, density and tem-

perature gradient of the working fluid and heat transfer 

surface, significantly affect the dimensionless heat trans-

fer coefficient in the form of the Nusselt criterion. 

Conclusion. The integral relationship of the energy 

equation of the spatial boundary layer temperature, allow-

ing integration over the surface of any shape, which is 

necessary to determine the energy loss thickness, was 

obtained. The equations for determining the energy loss 

thickness of the spatial boundary layer temperature are 

necessary to determine the local heat transfer coefficients 

for typical flow cases taking into account heat transfer. 

The equations for determining the local heat transfer 

coefficient in the form of the Stanton criterion for a recti-

linear uniform flow, a rotational flow according to the law 

of a solid body, and a free vortex rotational flow of a 

power-law profile of the dynamic and temperature bound-

ary layer  distribution  parameters for the case Pr < 1 were 

obtained analytically. 

The analytical equations for the heat transfer coeffi-

cients are in good agreement with the experimental data 

and dependences of other authors. 
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This paper considers the problem of modeling a rotational flow in the radial-annular cavity of turbo machines with 

fixed walls. This case corresponds to the boundary conditions of the supply channel for a radial centripetal turbine. In 

the presented model, the flow is conventionally divided into radial and circumferential movement. The radial compo-

nent of the velocity is determined by the mass flow rate from the continuity equation, the circumferential component is 

formed by the tangential channel supply. The main equation in the integration is the equation of the change in the mo-

mentum for the flow in the form of the Euler equation. In the case of the circumferential component of the velocity, the 

angular momentum law is used, assuming the potentiality of the flow and the constancy of the angular momentum 

within the integration step. As a result of the transformations of the motion equations, differential equations for the ra-

dial, circumferential component of velocity and static pressure are obtained, which represent a certain system of three 

equations in three unknowns. The system of equations allows integration under known boundary conditions at the inlet; 

as a result of integration, it is possible to obtain the field of distributions of velocities and pressures along the radius of 

the radial-annular cavity. The results of the study can be used in modeling the circumferential and radial forces on the 

rotor (impeller) of turbo machines. 

 

Keywords: radial-annular cavity, turbo machine, flow dynamics, continuity equations, Euler equations, boundary 

conditions, impeller. 
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В работе рассмотрена задача моделирования вращательного течения в радиально-кольцевой полости тур-

бомашин с неподвижными стенками. Данный расчетный случай соответствует граничным условиям подво-

дящего канала для радиальной центростремительной турбины. В представленной модели поток условно  

разделен на радиальное и окружное движение. Радиальная составляющая скорости определяется массовым 

расходом из уравнения неразрывности, окружная составляющая формируется тангенциальным канальным 

подводом. Основным уравнением при интегрировании является уравнение изменения количества движения для 
потока в форме уравнения Эйлера. В случае окружной составляющей скорости используется закон изменения 
момента количества движения при допущении потенциальности потока и постоянства момента количества 

движения в пределах шага интегрирования. В результате преобразований уравнений количества движения 
получены дифференциальные уравнения для радиальной и окружной составляющих скорости, а также  
для статического давления, представляющие определенную систему трех уравнений с тремя неизвестными. 

Система уравнений позволяет вести интегрирование при известных граничных условиях на входе, в результа-

те интегрирования возможно получить поле распределений скоростей и давлений по радиусу радиально-

кольцевой полости. Результаты исследования могут быть использованы при моделировании окружных  
и радиальных усилий на ротор (рабочее колесо) турбомашин. 

 

Ключевые слова: радиально-кольцевая полость, турбомашина, динамика потока, уравнения неразрывности, 

уравнения Эйлера, граничные условия, рабочее колесо.  
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Introduction. Turbo machines of various types 

(pumps, compressors, turbines, expansion engines) are 

currently being used everywhere. While designing and 

constructing turbo machines, specialists often have to deal 

with the issue how to model the movement of liquid flow 

or gas flow in working cavities properly in order to assess 

the distribution fields of velocity and pressure, friction 

stresses, coefficients of losses and the overall energy effi-

ciency of a turbo machine [1–4]. The problem of model-

ing is complicated by the fact that the flow has a complex 

spatial nature [5–6], for which it makes sense to decom-

pose the main system of equations into two projections – 

radial and circumferential ones. The final form of the  

system of equations of motion depends on the design  

of the cavity of a turbo machine [7]. 

Herewith, we consider the problem of modeling a ro-

tational flow in a radial-annular cavity of a turbo machine 

with fixed walls, which corresponds to the boundary con-

ditions of the supply channel for a radial centripetal tur-

bine. The approach presented in this work can be used to 

calculate the turbines of other types. 

Research task description. The main task of the 

work is to obtain a system of equations that properly  

describe the fields of pressure and velocity distribution  

at the inlet into the impeller for the design case of flow  

in the supply device of a radial centripetal turbine. It is 

necessary to consider the following characteristic aspects 

[8–11]: 

– the correct formation (without losses) of the velocity 

and pressure fields in front of the impeller mainly deter-

mines the value of the circumferential power of a turbine, 

and, as a consequence, the overall efficiency of a turbine. 

– the partiality, nonuniformity of the velocity and 

pressure fields in this area determine the value of axial 

load on the turbine rotor, which reduces the resource of 

rolling units [12]. 

To solve the problem, it is necessary to transform the 

equations of motion together with the continuity equation 

in order to obtain expressions for numerical integration 

for the flow rate and circumferential velocity components, 

as well as static pressure, taking the mass velocity into 

consideration as an initial parameter. 

Basic assumptions and design flow diagram. The 

radial-annular cavities of turbo machines with multidirec-

tional flows relative to the radius R can form a confusor 

or diffuser flow. This flow is asymmetric, therefore, the 

solution is considered in cylindrical coordinates with the 

condition ∂/∂x = 0. 

There are two possible cases of flow: purely radial  

C = VR and radial-circumferential C = (VR
2 + U2)0,5.  

In both cases, we use the momentum conservation  

equation for the mass fluid flow for the analysis. The  

design diagram of the radial-annular cavity is shown  

in figure. 

The flow area in the radial direction FR is defined as 

follows: 

2 ,R ozF R n                              (1) 

where R is the radius of the cavity, n0z is the axial clear-

ance in the direction of the z coordinate. 

The incrementation of the flow area in the radial direc-

tion: 

2 .zdF R dR  
                

           (2) 

The equations (1) and (2) determine the geometric pa-

rameters of the flow area at the integration step, which 

make it possible to find the radial velocity at a known 

mass flow rate of the actuation fluid. 

 

 

 
 

 

Design diagram of a radial-annular cavity: 
R, Z, a – coordinates; C, U, VR – velocity components; τ0R, τ0a – friction stresses  

in the radial and circumferential direction; n0z – normal gap clearance 

 

Расчетная схема радиально-кольцевой полости: 
R, Z, а – координаты; C, U, VR – компоненты скорости; τ0R, τ0a – напряжения  

трения в радиальном и окружном направлении;  

n0z – нормальный зазор  
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Mathematical model of the flow. The incrementation 

in the change in the momentum for the flow in differential 

form is determined by the equation: 

 
2 ,

RR
z oR

d p FdV
m dR dR dF

dR dR


               (3) 

where m  is a mass flow; VR is a radial velocity compo-

nent; τ0R is the circumferential component of the friction 

stress on the wall, p is a pressure quantity. 

Taking (1) into consideration, the equation for the ra-

dial velocity component has the following form: 

.
2

R

R oz

m m
V

p F p Rn
 

  
 

                     
 (4) 

We change the equation (3) taking (2) into considera-

tion: 

4 .R R
R oR

dV dFdp
m F p RdR

dR dR dR
              (5) 

We determine the derivative of the radial velocity 

component using the equation (4): 

2
,

2 2

R

oz oz

dV d m m

dR dR p Rn p R n

  
      

 
 

.R RdV V

dR R


                                     (6) 

The derivative of the flow area F R, considering (1),  

is determined by the following equation: 

 2 2 .R
oz oz

dF d
Rn n

dR dR
    

             
 (7) 

Taking (6) and (7) into consideration, we rewrite the 

equation (5) in the form: 

2 4 .R
R oz oR

mV dp
F n p R

R dR


       



 

Let us distinguish the derivative dp/dR in the equation: 

0

2 4
.oz

R

R R R

ndp m R
p

dR F R F F

 
     



              (8) 

Taking (1) and (4) into consideration we obtain: 

2
02

,R
oR

oz

RpVdp p

dR R R n


                     (9) 

or finally: 

2
0

2 2 3

2
,

4

R

ozoz

dp m p

dR R np n R




  

   


            (10) 

It will be recalled that that when flowing to the center 

of coordinates (-VR), the flow is confusor and vice versa. 

For the radial flow, the system of equations (4) and (9) 

is sufficient, with VR = const. For the radial flow with a 

circumferential component, the formula for the peripheral 

velocity U is required. For the potential flow rot U = 0, 

the following formula is satisfied: 

const.uU R C                          (11) 

The formula (11) completely determines the function 

U = f(R), however, when integrating over the radius,  

it is necessary to take into consideration the influence  

of the circumferential component of the friction stress on 

the wall τ0a; this friction stress reduces the values of CU 

for any direction of the radial velocity VR [13]. 

Next we find the formula for the circumferential  

component of the velocity of the radial-circumferential 

flow. We use the law of changing the angular momentum 

[14–15]: 

( )
,тр

d U R
m dR dF R

dR


                  (12) 

where dFfr is the friction force on the elementary volume 

2πn0z·dR. 

Friction force on two surfaces (see fig.): 

4 ,тр oadF R dR                            (13) 

We take the derivative of the equation (12) and take 

into consideration (13): 

4
,oa RdU U

dR R m


  


 

4 4 .oa

dU
m R U R R

dR

       
 
  

We express the derivative: 

4
.oa RdU U

dR R m


  


                   (14) 

Or taking U = ωR into consideration we obtain the 

equation: 

42
.oad

dR R m

 
  


                    (15) 

Taking (11) into consideration, we finally obtain: 

24 2
.u oa oa

oz R

dC R R

dR m n p V

  
 

 
               (16) 

The equations (14), (15), (16) can be integrated 

autonomously without knowing the change in the pressure 

field p. 

Next, we find the formula for the static pressure for 

the radial-circumferential flow. We use the equation for 

changing the momentum for absolute speed (see fig.): 

2 2 ,RC V U                            (17) 

Where VR and U are determined by the equations (4) 

and (11). 

After transformations we obtain: 

 
2 ,

R
oR z

d p FdC
m dR dR dF

dR dR


             (18) 

where dFz = 4πRdR is the double lateral surface of the 

elementary volume dV = 2πRn0z·dR, FR = 2πRn0z is the 

flow area. 

We define the derivatives of the velocities. The de-

rivative dVR/dR, according to the  equation (6): 

.R RdV V

dR R
                              (19) 
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Considering the equation (11), the derivative  

of the circumferential component on the elementary vol-

ume dV = 2πRn0z·dR can be defined as follows: 

2
.uCdU

dR R
                               (20) 

The derivative dC/dR according to the equation (17)  

is defined as: 

     

 

0.5 0.5 0.5
2 2 2 2 2 2

0.5
2 2

1

2

1
2 2 .

2

R R R

R
R R

dC d d
V U V U V U

dR dR dR

dV dU
V U V U

dR dR





      

     
 

 

We take into consideration the equations (19) and (20) 

and continue the transformation: 

  0.5
2 21

2 2 ,
2

R
R R

dVdC dU
V U V U

dR dR dR

       
 

 

 2 21
.R

dC C
V U

dR R R
                    (21) 

Considering (21) we transform the equation (18) into 

the following form: 

2 .R
R oR z

dFCm dp
F p dF

R dR dR
      


         (22) 

After substitution of the equations (1) and (2) we ob-

tain, respectively: 

2 ;R
oz

dF
n

dR
       2 4 ;zdF RdR     2 ;R ozF Rn   

Thereupon: 

4 .R
R oR

FmC dp
dR F p dR R dR

R dR R

          
 


 

We simplify the last equation by dR, as a result we ob-

tain: 

4 .R
R oR

FmC dp
F p R

R dR R


       


           (23) 

We express the pressure derivative: 

41
.oR

R R

Rdp m
p

dR RF R F

    
    


          (24) 

Considering VR= m /ρFR, we obtain: 

0

2

2
.

2

R

ozoz

dp m C p

dR R nR n

 
   




               (25) 

The equation (25) combined with the equations (4) 

and (17) form a closed system of equations for determin-

ing the velocity and pressure fields in the radial-annular 

cavity of turbo machines. 

Conclusion. The mathematical model obtained in this 

work can be used at complex modeling of radial centripe-

tal turbo machines for calculating the flow dynamics in 

inlet and outlet devices. The model determines the fields 

of velocity and pressure at the inlet and outlet of the rotor, 

which is a condition that forms the vector of radial and 

axial forces that determine the dynamics of the rotor, the 

load on the rolling units, and, as a consequence, the re-

source of a turbo machine in general. The approach pre-

sented in this work can be used to calculate the turbines of 

other types. 
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DEVELOPMENT OF THE HEAT PANEL OF THE SMALL SPACE APPARATUS  

FOR NAVIGATION SUPPORT 

 

V. V. Kolga*, I. S. Yarkov, E. A. Yarkova 

 

Reshetnev Siberian State University of Science and Technology 

31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 

*E-mail: kolgavv@yandex.ru 

 

To clarify the trajectory of the spacecraft in a given orbit, the parameter of unmodeled acceleration is taken into 

account. Today, in the design and manufacture of a spacecraft to meet the requirements of the technical specifications 

for the maximum allowable values of unmodeled accelerations during the operation of on-board equipment, it is 

necessary to take into account the effects of asymmetric heat fluxes from the panels of the spacecraft on the deviation of 

its center of mass from a given orbit. This article discusses the problem of the influence of asymmetric heat fluxes from 

the surfaces of the spacecraft emanating from the panels ± Z, + Y (deterministic and non-deterministic component) on 

the level of unmodeled accelerations, which significantly affects the trajectory of the spacecraft. 

In order to meet the requirements for the temperature control system in terms of ensuring efficient heat removal 

from the on-board equipment devices and its distribution over the surface of the instrument installation panel, it is nec-

essary to significantly improve the technical characteristics of heat transfer and heat conduction processes in the 

spacecraft. The analysis of the current thermal control system in modern satellites is carried out and its shortcomings 

are revealed. A constructive option is proposed for creating an energy-intensive thermal panel, which allows more effi-

cient heat removal from devices and distribution over the panel. The designed thermal panel is a flat sealed panel of a 

single complex design of aluminum alloy, made by the additive technology method. The dimensions of the thermal panel 

are limited by the structural dimensions of the working area of 3D printers. At the moment, the main dimensions reach 

600-800 mm. An increase in the working area in the future will enable the installation of large-sized electronic 

equipment. 

A two-dimensional mathematical model for calculating heat transfer processes in the designed thermal panel is 

presented. For the calculation, specific average values are introduced that characterize the effective cross sections for 

the vapor channels and the wick in the longitudinal and transverse directions, physical parameters (porosity of the wick 

and its degree of liquid saturation). 

 

Keywords: spacecraft, asymmetric heat fluxes, thermal control system, unmodeled accelerations, power thermal 

panel. 

 

РАЗРАБОТКА ТЕПЛОВОЙ ПАНЕЛИ МАЛОГО КОСМИЧЕСКОГО АППАРАТА  

НАВИГАЦИОННОГО ОБЕСПЕЧЕНИЯ 

 

В. В. Кольга*, И. С. Ярков, Е. А. Яркова 

 

Сибирский государственный университет науки и технологий имени академика М. Ф. Решетнева 
Российская Федерация, 660037, г. Красноярск, просп. им. газ. «Красноярский рабочий», 31 

*E-mail: kolgavv@yandex.ru 

 

Для уточнения траектории движения космического аппарата по заданной орбите учитывается параметр 

немоделируемого ускорения. На сегодняшний день при проектировании и изготовлении космического аппарата 

для обеспечения требований технического задания к предельно допустимым значениям немоделируемых уско-

рений при работе бортовой аппаратуры, необходим учет воздействия несимметричных тепловых потоков  
с панелей космического аппарата на отклонение его центра масс от заданной орбиты. В данной статье  
рассмотрена проблема влияния ассиметричных тепловых потоков с поверхностей космического аппарата, 

исходящих с панелей ±Z, +У (детерминированной и недетерминированной составляющей) на величину уровня 
немоделируемых ускорений, что существенно влияет на траекторию движения космического аппарата. 
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Для обеспечения требований к системе терморегулирования в части обеспечения эффективного отвода 

тепла от приборов бортовой аппаратуры и распределения его по поверхности панели установки приборов не-
обходимо значительно улучшить технические характеристики процессов теплопередачи и теплопроводности 

в космическом аппарате. Проведен анализ действующей системы терморегулирования в современных спутни-

ках и выявлены её недостатки. Предложен конструктивный вариант создания энергоемкой тепловой панели, 

которая позволяет эффективнее отводить тепло от приборов и распределять его по панели. Спроектирован-

ная тепловая панель представляет собой плоскую герметичную панель единой сложной конструкции из алю-

миниевого сплава, изготовленную методом аддитивных технологий. Размеры тепловой панели ограничены 

конструктивными размерами рабочей зоны 3D-принтеров. На сегодняшний момент основные размеры дохо-

дят до 600–800 мм. Увеличение рабочей площади в дальнейшем даст возможность монтажа крупногабарит-

ной радиоэлектронной аппаратуры. 

Представлена двухмерная математическая модель для расчета процессов теплообмена  

в спроектированной тепловой панели. Для расчета вводятся удельные средние величины, характеризующие 
эффективные сечения для паровых каналов и фитиля в продольном и поперечном направлениях, физические 
параметры (пористость фитиля и степень его насыщенности жидкостью). 

 

Ключевые слова: космический аппарат, несимметричные тепловые потоки, система терморегулирования, 
немоделируемые ускорения, силовая тепловая панель. 

 

Introduction. The development of space technology 

at the present stage is characterized by the creation of 

small spacecrafts for various purposes using a denser 

placement of payload devices, which affects the uneven-

ness and asymmetry of heat fluxes from the panels of the 

spacecraft. 

Placing electrical devices with a high heat flux density 

on small layout areas requires solving the problem of en-

suring the operating temperatures of equipment, structure 

and spacecraft elements within strictly limited ranges at 

all operating modes of the thermal control system. 

To meet the requirements for ensuring the guaranteed 

operating temperatures of the instrument seats, it is neces-

sary to increase the efficiency of the thermal control sys-

tem (TCS) by creating an energy-intensive panel that can 

remove heat and efficiently distribute it over the space-

craft panel. 

Taking into account the influence of asymmetry of 

heat fluxes from the spacecraft panels in the spacecraft 

motion model leads to the creation of a more accurate and 

more reliable computational model of the spacecraft. 

To meet the requirements of the technical design 

specifications for the permissible level of unmodeled ac-

celerations arising during the operation of the spacecraft 

onboard systems, it is necessary to take into account the 

effect of asymmetric heat fluxes from instrument panels 

on the possibility of deviating the spacecraft center of 

mass from a given orbit. 

The accuracy of determining the parameters of the 

spacecraft trajectory, in addition to the obvious limitation 

imposed by the composition of the available measurement 

information, substantially depends on the degree of corre-

spondence of the dynamic model used for the numerical 

integration of the spacecraft motion equations to the real 

set of perturbations that form its trajectory. 

To date, to refine the forecast of errors in the trajec-

tory of the spacecraft movement along the orbit, such a 

parameter as unmodeled acceleration is used. 

The total effect of unmodeled acceleration on the ac-

curacy of calculations of spacecraft motion is quite sig-

nificant. And, although the absolute value of unmodeled 

accelerations does not exceed 10–12÷10–13 km/s2, the re-

sulting perturbations in the spacecraft coordinates can 

reach significant values [1]. The need to reduce the level 

of influence of unmodeled acceleration on the spacecraft 

trajectory requires the development of special measures to 

minimize this effect. 

The problem of reducing the values of unmodeled ac-

celerations arising from the influence of the operation of 

on-board systems has a high degree of relevance, since, 

on the one hand, it can serve to refine the already existing 

trajectories of spacecrafts, and on the other hand, when 

creating new vehicles, it will make it possible to refine 

and optimize the computational dynamic model, minimiz-

ing energy consumption for adjusting the working orbit 

(which will lead to a decrease in the total mass of space-

crafts) [2; 3]. 

Analysis of the current thermoregulation system. 
To reduce the level of unmodeled accelerations and take 

them into account in the computational dynamic model, 

we have developed an a priori model that allows us to 

clarify the physical processes of thermal radiation of on-

board instruments and spacecraft systems, corrected and 

refined during flight tests. At the same time, it is neces-

sary to take into account the correctness of setting the 

values of thermal and mechanical loads and the duration 

of the load cyclogram modes during «normal operation of 

the spacecraft», as well as the accuracy of the heat release 

cyclogram of the onboard equipment of the automatic 

voltage stabilization complex in terms of the absolute 

values of heat release and the duration of operating 

modes. 

At the present time, the available estimate of the accu-

racy of the cyclograms of the heat release of the automatic 

voltage stabilization complex is up to 150 W and the du-

ration of the modes is up to 4 hours. 

Cyclograms are necessary to take into account the 

asymmetry of the spacecraft's own thermal supply, and at 

the same time should not exceed 10 W (short-term heat 

emissions) and 5 W (long-term heat emissions). 

The processing of data from temperature sensors on 

board the spacecraft in order to calculate heat fluxes is a 

complex task from the methodological and computational 

point of view, the solution of which, taking into account 

the capacities of the onboard information computer com-

plex, is not possible in space. Thus, the task of processing 
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measurements of temperature sensors should be solved in 

the ground control complex. 

At present, it is not possible to meet the requirements 

for minimizing unmodeled accelerations by existing TCS 

without additional energy costs and changes in the space-

craft dimensions. The implementation of this requirement 

should be carried out through new layout solutions at the 

spacecraft level, taking into account the precise determi-

nation of the values of heat fluxes and cyclograms of heat 

release onboard equipment. 

To date, in navigation spacecraft they use a thermal 

control system [4–9], which is a honeycomb panel with a 

liquid collector built into it. The production of a three-

layer honeycomb panel (with various types of honeycomb 

filler) is carried out using the following technology: 

– production of component parts, including honey-

comb filler, skins, reinforcing and embedded elements, 

heat pipes; 

– joining (bonding) the surface of the shelves of heat 

pipes with sheathing using heat-conducting glue; 

– connection (bonding) of sheathing with honeycomb 

core and built-in embedded elements. 

The assembly (bonding) of the three-layer honeycomb 

panel is carried out on the technological equipment (table) 

through a special gasket. The required pressure is pro-

vided using a vacuum bag covered with a layer of thermal 

insulation. 

Bonding is carried out in a thermal oven for the re-

quired time at an elevated temperature (about 125 °C), 

which is increased stepwise to the bonding temperature, 

thereby providing the required exposure (about 3 hours), 

and then gradually cooled to ambient temperature. In par-

ticular, film glue VK-51 TU1-596-212–85 is used to bond 

the sheathing with honeycomb core 

The analysis showed that in the manufacture of large-

sized three-layer honeycomb panels with thin aluminum 

skins, it is first of all necessary that the technological 

equipment used be made with a high degree of flatness 

and surface cleanliness, and that spacers made of alumi-

num sheet were used to exclude the influence of the dif-

ference in the coefficient of thermal linear expansion be-

tween equipment and honeycomb panel. 

The disadvantage of the said method is the possibility 

of using this technology for honeycomb panels  

with dimensions only up to 2000 × 3000 mm. When po-

lymerizing large panels, it is necessary to use composite 

backing sheets. 

Due to an increase in the overall dimensions of hon-

eycomb panels (up to 3000 × 6000 mm), as well as a de-

crease in the thickness of the skins (down to 0.3 mm) used 

for modern spacecrafts, and the need to improve the geo-

metric accuracy of the working surface, the use of solid 

large-sized sheets, on the one hand, is unprofitable, given 

the high cost of their manufacture and delivery, on the 

other hand, it does not provide the required accuracy  

(the overall flatness of the panel is not more than 1.5 mm, 

the flatness is 0.1 mm at a size of 200 × 200 mm). Such 

stringent requirements are due to the long period of active 

existence of the spacecraft (up to 15 years), the trouble-

free operation of satellite instruments installed on the 

working surface of the honeycomb panel through heat-

conducting paste. In this case, the temperature difference 

between the mounting surface of the device and the cas-

ing should be minimal, therefore, the flatness of the panel 

should be as small as possible. 

Thus, a significant disadvantage of the said method is 

the complexity of manufacturing and insufficiently high 

quality of honeycomb panels of large dimensions. Engi-

neering approaches aimed at solving this problem lead to 

the need to reduce the overall dimensions of the honey-

comb panel and change its design to ensure more efficient 

heat removal from the onboard equipment. 

The calculated values of the operating temperatures of 

the equipment based on the results of the thermal analysis 

of the spacecraft must meet the requirements for the cal-

culated uncertainty, while the calculated uncertainty is 

taken basing on the devices belonging to the temperature 

group. 

The current TCS does not provide a uniform efficient 

heat removal from the spacecraft devices, «hot» spots 

with extremely high power consumption of the devices 

are created, the equipment overheats. 

Asymmetric heat fluxes from the spacecraft surfaces, 

emanating from the ±Z, +Y panels (deterministic and 

non-deterministic components), in turn, contribute to the 

value of the level of unmodeled accelerations from vari-

ous onboard systems, which significantly affects the 

spacecraft trajectory. 

To solve this problem, we propose to use the heat-

conducting panels developed by us, which increase the 

efficiency of heat removal from radio-electronic equip-

ment on board the spacecraft and have, at the same time, 

much smaller dimensions. When working with such struc-

tures, it is necessary to develop a computational algorithm 

for assessing the removed heat fluxes under different op-

erating modes of distribution of the heat load on the panel 

surface. This algorithm is necessary both at the stage of 

spacecraft development using such structures in the ther-

mal control system and in determining the optimal ar-

rangement of spacecraft instruments and equipment. 

This paper presents a two-dimensional mathematical 

model of heat transfer in a thermal panel. On the basis of 

the model, an algorithm is described for assessing the 

performance of the panel by capillary limitation for a 

given distribution of heat flux density on the surface. The 

model allows to obtain the temperature field distribution 

on the panel surface. 

Power thermal panel design. The power thermal 

panel is a flat sealed panel, which is a single complex 

structure of aluminum alloy, made by the method of addi-

tive technologies and consisting of two cross channels 

with wicks, a porous structure, closed on all sides with a 

thin layer of aluminum. The dimensions of the thermal 

panel are limited by the structural dimensions of the 

working area of 3D printers. At the moment, the main 

dimensions are up to 600–800 mm. An increase in the 

working area in comparison with hyper-heat-conducting 

panels [10], the size of which reaches 100 × 300 mm, 

makes it possible to install large-sized electronic equip-

ment.  
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The structure of the channels inside the power thermal panel 

 
Строение каналов внутри силовой термопанели 

 

 

In this case, the internal structure of the panels is such 

that the coolant moves freely over the entire plane of the 

panel inside the cruciform channels with wicks filled with 

a working fluid (ammonia, water, etc.) (see fig.). Heat 

transfer along the panel is carried out due to the move-

ment of the working substance in the form of vapor from 

the heating area to the condensation area through the va-

por channels and back, in the form of a liquid through the 

wick. The main feature of a phase change thermal panel is 

a highly efficient heat removal system and an even tem-

perature distribution over the panel surface with a differ-

ence of up to 1–2 ºC. When heated, the liquid heat trans-

fer agent begins to evaporate and in the form of vapor 

moves to the evaporation zone, then condenses, moves 

through the wick in the form of a liquid to the heating 

zone, thus distributing heat over the panel. The movement 

of the working substance is carried out by capillary 

forces, which does not require the use of pumps and com-

plex circuits for pumping coolant. 

The capillary head of the wick must exceed the sum of 

the pressures arising in the liquid moving along the wick 

and in the vapor moving along the vapor channels. In the 

opposite case, the wick under the heat-generating element 

is drained, and the effective thermal conductivity of the 

panel drops sharply. 

The technology for manufacturing a power thermal 

panel involves the modernization of its configuration by 

introducing internal vapor channels with a wick, the spe-

cific dimensions of which are unknown and are selected 

experimentally. 

For the calculation, specific average values are intro-

duced that characterize the effective sections for vapor 

channels and wick in the longitudinal and transverse di-

rections, physical parameters (porosity of the wick and 

the degree of its saturation with liquid). 

Mathematical model. Let us introduce the values 

characterizing the effective longitudinal and cross sec-

tions for vapor channels and the wick [11–15]. Let us 

define the following values to describe the vapor move-

ment: Svx, Svy – the fraction of the effective section of the 

vapor channel from the total section of the panel for the 

longitudinal direction x and transverse y, respectively. 

Similarly, for describing the fluid motion: Slx, Sly – the 

fraction of the effective section of the wick from the total 

section of the panel for the longitudinal direction x and 

transverse y, respectively. The Svx, Svy, Slx, Sly values 

are dimensionless and can be from 0 to 1. 

The input conditions for the problem are the heat flux 

to the panel surface Q(x, y), where x   [0,H], y   [0,W]. 

Values H, W are the panel length and width. It follows 

from the stationarity of the problem that the amount  

of the evaporating coolant from the wick to the vapor 

channels per unit area at each point of the panel is equal  

to 1m  = Q/ λ, where λ is the latent heat of pore formation. 

For the movement of fluid in the wick, you can write 

the mass conservation equation: 

div ml = – m l/ D,                           (1) 

where ml = (mlx, mly) is the fluid mass flow inside the 

wick, D is the panel thickness minus the panel body wall 

thickness. 

To describe the movement of the gas phase of the 

coolant, we use a formula similar to (1): 

div mv = m l/ D,                            (2) 

where mv = (mvx, mvy) is the vapor mass flow in the vapor 

channels. 

The panel will work successfully if the pressure dif-

ference between the gaseous and liquid phases at each 

point is less than the capillary pressure 

Pc = 
2 cos

rc

 
,                            (3) 

where rc is the radius of the pores of the wick, σ is the 

coefficient of surface tension, θ is the minimum angle of 

wetting of the material of the wick by the coolant. 

It is possible to find the pressure distributions in the 

gaseous and liquid phases Pv(x, y) and Pl(x, y) up to a 
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constant. Since there is a point (xmin, ymin) inside the panel 

(in the area of the condenser) at which Pv = Pl can be 

taken, the pressure difference between the gaseous and 

liquid phases can be written as follows 

∆P = Pv(x, y) – Pl(x, y) – 

– (Pv (xmin, ymin) – Pl (xmin, ymin)).                (4) 

If max (∆P) > Pc, then capillary forces will not be able 

to pull up the coolant, the wick in the panel will dry out 

and the panel will not work satisfactorily 

Thus, the capillary condition for the panel operation 

can be written as follows: 

max(∆P) < Pc.                        (5) 

The temperature distribution on the panel surface will 

be determined by the saturated vapor temperature at a 

given point, the heating power density and the thermal 

resistance of the wick layer and the panel body: 

T (x, y) = Ts (Pv (x, y)) + Q( x, y) R,            (6) 

where  R = Rf  + Rw  is the sum of the thermal resistances 

of the wick and the panel body wall. The thermal resis-

tance of the wick can be estimated: Rf  = c /k f, where c is 

the thickness of the wick (distance from the steam chan-

nel to the surface), kf is the thermal conductivity of the 

wick filled with a coolant. 

The thermal resistance of the wall is: Rw  = t /kw, where 

t is the wall thickness, kw is the thermal conductivity of 

the panel body material. 

The transfer of a laminar flow of fluid in a porous 

wick, depending on the type of wick, is determined either 

by Darcy's law (for liquids obeying the Navier-Stokes 

law) 

−∆P − 
k


 u


  + p f


 = 0,                    (7) 

div u


  = 0, or Poiseuille's law (one of the simplest exact 

solutions of the Navier-Stokes equations). 

Q = 
4

8

R

l




 (P1 – P2) =
4

128

d

l




−∆P.          (8) 

The kinetics of the liquid-vapor phase transition, i.e. 

the rate of evaporation and condensation can be deter-

mined using the Kn criterion (the Knudsen number). 

Maximum heat flux during evaporation from a flat surface 

to vacuum 

qmax = f
ж

2 ж /

LP

RоT 
,                    (9) 

where R0 is the universal gas constant, L is the latent heat 

of vaporization. In some cases, the transfer of energy and 

matter in heat pipes can occur with partial drying of a 

porous wick. As a result, the calculation of the heat pipe 

is based on the equations of the dynamics of the flow of 

liquid and vapor, the description of the kinetics of phase 

transitions at the liquid-vapor interface, as well as the 

equations of energy transfer in the arteries of the tube,  

in the capillary-porous part (wick) and in the pipe shell 

itself. 

The flow of fluid in the porous body of the wick 

should be described in more detail by Darcy's law 

m = pжVж= – ж

ж

K


gradP .                 (10) 

By integrating this equation, we get the pressure drop 

at two points of the wick. Permeability Kж depends on the 

porosity П of the wick and the degree of its saturation 

with liquid bж 

Kж =  ƒ (П, bж).                          (11) 

Another characteristic of a porous body is the differ-

ential curve of the distribution of surface permeabi- 

lity f(K) (similar to the distribution curve of pores along 

the radius). For a homogeneous material, such a curve can 

be represented as a delta function of K or a linear combi-

nation of these functions 

f (K) = 
N

i j

Ai


 , 

Ai satisfies the condition 
1

1
N

i

Ai


 , N is finite.      (12) 

If f(K) cannot be represented as a finite number of 

functions, then the material is heterogeneous. If f(K) is 

represented by one term, the material is homogeneous. If 

a material is described by two or more functions f(K), 

then it is heterogeneous. If f(K) depends on rectangular 

coordinates xi (i = 1,2,3) and angular coordinates Ψ, θ, 

then the porous material is anisotropic. If there is no de-

pendence on angular coordinates, the material is isotropic 

P 1 2( )K K K   = 

2

1

( )

K

K

f xi dxid d   .            (13) 

Conclusion. The presented mathematical model of 

heat transfer processes in a thermal panel allows one to 

predict various modes of operation of a heat transfer de-

vice for high-temperature cycles. 

Thus, the use of a new design of a thermal panel in 

small spacecraft will not only solve the problem of irregu-

larity and asymmetry of heat fluxes from spacecraft pan-

els, but also ensure the requirements of the technical 

specification for the limiting level of unmodeled accelera-

tions during onboard systems operation. 
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STUDY OF IMPELLER DESIGN PARAMETERS EFFECT ON THE AXIAL THRUST  
OF A CENTRIFUGAL ELECTRIC PUMP ASSEMBLY 
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This paper discusses and estimates the effect of some design parameters on the value of axial thrust appearing dur-

ing functioning of the core component of a spacecraft’s (SC) thermal control subsystem – electric pump unit (EPU). The 
major causes of axial forces in centrifugal pumps of in-line arrangement are described and analysed. Design parame-
ters having an effect of axial thrust value are: impeller position relatively to EPU diffuser (position was chosen based 
on dimension chain calculation), presence and size of discharging holes in the impeller, number and shape of impeller 
vanes (numbers of 14 & 16 were considered). EPU impellers with different number and shape of vanes were designed 
and manufactured. A series of experiments was carried out in order to research the effects of all aforementioned pa-
rameters: measurements of head vs flow curves and axial thrust values at given flow values. Each parameter’s contri-
bution in the value of axial thrust appearing during EPU functioning is evaluated. Vibration measurements were ob-
tained and analysed for electric motor DBE 63-25-6.3 fitted with different impellers. In this study, a DLP additive proc-
ess was used for impellers manufacturing, which significantly sped up the tests. Obtained results will extend knowledge 
of processes taking place in EPU impellers, enable choice of the aforementioned parameters at design phase so to 
minimise axial thrust appearing during functioning of a centrifugal EPU of a spacecraft’s thermal control subsystem. 
Outcomes of this study are capable of improving SC reliability at all phases of its life because EPU axial thrust causes 
its premature loss of operability. 

 
Keywords: centrifugal pump, pump impeller, axial thrust, spacecraft thermal control subsystem. 
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В данной статье рассматривается и оценивается влияние некоторых конструктивных параметров на ве-

личину осевой нагрузки, возникающей при работе главного элемента активной жидкостной системы терморе-
гулирования космического аппарата (КА) – электронасосного агрегата (ЭНА). Описаны и проанализированы 
основные причины возникновения осевой нагрузки в центробежном насосе с «осевым» принципом компоновки. 
Исследовались конструктивные параметры, влияющие на величину осевой нагрузки: положение рабочего коле-
са относительно диффузора ЭНА (положение выбиралось из расчета размерных цепей), наличие и размер раз-
грузочных отверстий в рабочем колесе, количество и форма лопастей рабочего колеса (рассмотрено количе-
ство лопастей 14 и 16). Были спроектированы и изготовлены рабочие колеса ЭНА с различным количеством и 
формами лопастей. Проведен ряд экспериментов по исследованию влияния всех перечисленных параметров: 
измерение расходно-напорных характеристик и величины осевой нагрузки при достижении определенного рас-
хода. Дана оценка вклада каждого из перечисленных параметров на величину осевой нагрузки, возникающей 
при функционировании рабочего колеса. Была получена и проанализирована виброизмерительная информация 
на электродвигателе (ЭД) ДБЭ 63-25-6.3 с установленными поочередно рабочими колесами. В данном исследо-
вании использовалась аддитивная технология печати DLP для изготовления рабочих колес, что значительно 
ускорило процесс испытаний. Полученные результаты способствуют расширению знаний о процессах, проис-
ходящих в рабочем колесе, позволяют осуществить выбор вышеперечисленных параметров на этапе проекти-
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рования, способных снизить величину осевой нагрузки, возникающей при работе центробежного ЭНА в систе-
ме терморегулирования КА. Результаты данной работы способны повысить надежность функционирования 
КА во весь срок активного существования, поскольку повышенная осевая нагрузка в ЭНА является причиной 
его преждевременной потери работоспособности. 

 

Ключевые слова: центробежный насос, рабочее колесо насоса, осевая нагрузка, система терморегулирова-

ния космического аппарата. 

 

Introduction. Currently, there is a tendency for the 

appearance of Platforms with a thermal power of 8 to 10 

kW on the world market of telecommunication spacecraft 

(SC) [1]. One of the possible options for structural design 

of the thermal control system (TCS) of such Platforms is a 

monophase active TCS with a liquid coolant [2]. 

The most important element of this system is the elec-

tric pumping unit (EPU) [3], which provides continuous 

circulation of the coolant in the heat circuit, providing the 

thermal regime of the target and service equipment. Fail-

safe operation of EPU during the entire active life of the 

spacecraft is a key indicator of the reliability of the entire 

spacecraft. 

For the EPU of centrifugal type, reducing the axial 

thrust acting on the bearing arrangements of the pumps is 

one of the most important tasks of ensuring the long ser-

vice life of the EPU. 

This article presents the results of a study of the effect 

of the design parameters of the impeller of a single-stage 

centrifugal EPU on the axial thrust. 

EPU design. The studied EPU refers to the “axial” 

principle of the layout: the main and standby centrifugal 

pumps are installed on the same axis, while the EPU 

housing is a single monoblock structure for both pumps, 

in which spiral diffusers for each pump are made in one 

piece [4]. In order to meet the high requirements for 

tightness, the pump motors are welded into the EPU hous-

ing through a bimetallic adapter. Fig. 1 shows a single-

stage centrifugal EPU used in experiments in this study. 

The technical parameters of such an EPU are pre-

sented in tab. 1. 

Axial force in EPU. When the pump is started, an ax-

ial force of hydrodynamic origin, shown in fig. 1, begins 

to act on the bearing supports 3 (fig. 1) of the rotor 2. 

The presence of this force affects the durability  

of the bearing supports 3 of the rotor of the electric  

motor 2 (fig. 1). This was confirmed in the course of stud-

ies of bearings that worked out during life tests in the 

electric motor of EPU. Inspection of the rotor bearings 

showed that they have numerous traces of wear in the 

form of dents, traces of friction, traces of metal transfer. 

In the course of metallographic research, it was found that 

these tracks are of a fatigue nature. According to the re-

sults of the study, it was found that the position of the 

wear marks on the rings indicates the presence of an axial 

thrust during the operation of the bearings. According to 

[5], the nature of the formation of axial force is the differ-

ence in pressure values in cavities “A” and “B” between 

the impeller and the casing. The area of the outer surface 

of the main disc under the discharge pressure is larger 

than that of the cover disc, which results in a static pres-

sure force directed towards the inlet funnel. Fig. 2 shows 

the direction of action of forces in the EPU impeller.  

In this case, the difference between FA and FB is always 

directed towards the flow entering the impeller, and  

it is applied to the impeller, and through it to the bearing 

supports of the pump rotor. Thus, based on the nature  

of the formation of the axial force, it follows that  

to reduce it, it is necessary to eliminate the difference 

between FA and FB. 

The geometric parameters of the impeller of the stud-

ied EPU are shown in fig. 3.  

 

 
 

Fig. 1. Single-stage centrifugal electric pump unit: 
1 – electric pump unit housing; 2 – motor; 3 – journal bearing; 4 – impeller 

 

Рис. 1. Одноступенчатый центробежный ЭНА: 
1 – корпус ЭНА; 2 – электродвигатель; 3 – радиальные подшипники; 4 – рабочее колесо 
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Table 1 

Technical parameters of EPU with standard impeller 
 

Parameter name Parameter value 

Head (ΔP), kgf/cm2 0.61 

Flow rate (Q), m3/s 110–150 

Rotational speed of the electric motor (n), rpm 5800 

Power fluid LZ-TK-2 

Axial thrust, N > 9.8 

 

 
Fig. 2. The direction of the forces in the pump rotor: 

A, B – pressured cavities; РА – rotor top disk area;  

РB – disk with blades area; FA – axial force acting from the top disk;  

FB – axial force acting from the disk with blades 

 

Рис. 2. Направление действия сил на рабочее колесо ЭНА: 
А, B – полости, где действует давление; РА – площадь покрывного  

диска рабочего колеса; РB – площадь диска c лопатками;  

FA – осевая сила, действующая со стороны покрывного диска;  
FB – осевая сила, действующая со стороны основного диска 

 

 

 
 

Fig. 3. Pump impeller:  
B – discharging holes 

 

Рис. 3. Рабочее колесо насоса:  
В – разгрузочные отверстия 
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According to the calculations, the value of the acting 

axial thrust in an EPU of a similar design with an impeller 

without discharge holes is in the range from 1 to 8 N,  

depending on the pressure drop. According to the techni-

cal specifications for the electric motor, in order to ensure 

the required service life, the axial thrust should not  

exceed 8.7 N. In order to increase the service life of the 

bearing supports, we will consider ways to reduce the 

axial force without changing the design of the pump flow 

path and minimal changes in the impeller. 

The influence of the position of the end of the  

impeller relative to the diffuser and the influence of 

the presence of discharging holes. One of the simplest 

ways to reduce the effect of axial force is to drill holes in 

the main impeller disc. Full unloading of the rotor will be 

achieved in the case (PB · SB) = (PA · SA) [5; 6]. 

Taking into account the current design of the pump 

impeller shown in fig. 3, the total area of the discharging 

holes is 9 % of the area of the holes required to com-

pletely unload the rotor from the axial thrust. The position 

of the impeller relative to the spiral bend can affect the 

flow conditions of the working fluid in its vicinity. Each 

position of the impeller corresponds to a radial clearance 

X (remote element A, fig. 1), it affects the leakage 

through the front seal (q1) and the rear seal (q2), shown in 

fig. 2. In accordance with [6], any change in the gap in the 

seals or the nature of the movement in the sinuses causes 

an additional axial force due to the unbalanced part of the 

pressure diagram arising from the impeller geometry. Let 

us check experimentally the pressure values from the rear 

side of the electric motor at different positions of the im-

peller relative to the spiral bend. 

Experiment № 1. Study of the position of the end 

of the impeller relative to the diffuser; discharge 

holes are present. Setting up the experiment: the pres-

sure on the pump impeller is investigated at various 

pressure heads. Pump configuration: the impeller has 

relief holes shown in fig. 3, tests were carried out with 

an electric motor DBE63-25-6.3 by measuring the pres-

sure in the bearing area (on the back of the electric  

motor). The impeller is installed with different clear-

ances X (0 mm and 0.4 mm, see fig. 1) relatively to the 

spiral bend. These clearances are obtained from the cal-

culation of dimensional chains. Fig. 1 shows a fragment 

of the EPU used in the experiment with different clear-

ance X. The assumption is tested that at different clear-

ances different conditions of the flow of the power fluid 

in the EPU impeller are presented, and at X = 0.4 mm 

the pressure on the back side of the impeller will be 

greater will lead to increased axial thrust. During the 

experiment, the flow-pressure characteristics of the EPU 

were measured [7]. 

Experiment № 2. Investigation of the position of 

the end of the impeller relatively to the diffuser, the 

discharge holes are closed. Setting up the experiment: 

similar to experiment № 1, except for the configuration  

of the impeller, since there are discharging holes in it. The 

experimental results are presented in tab. 2–4.  

 
 

Table 2 

Flow-pressure characteristics of EPU, pressure drop is 0.4 kgf/cm2 

 

Atmospheric pressure Pressure of 1.2 kgf/cm2 

Holes No holes Holes No holes 

Parameter name 

Х = 0 Х = 0.4 Х = 0 Х = 0.4 Х = 0 Х = 0.4 Х = 0 Х = 0.4 

Pressure from the back of the electric motor, 

kgf/cm2 
–0.15 –0.1 0.24 0.24 0.05 0.06 0.43 0.423 

EPU inlet pressure, kgf/cm2 –0.08 –0.05 –0.05 –0.05 0.13 0.13 0.14 0.129 

EPU outlet pressure, kgf/cm2 0.32 0.35 0.35 0.35 0.53 0.53 0.54 0.529 

Heat transfer fluid consumption, cm3/s 0.32 0.35 0.35 0.35 0.53 0.53 0.54 0.529 

Consumption current, A >225 >225 228 >220 >225 >225 >228 >220 

Heat transfer fluid temperature, ˚С 1.39 1.36 1.33 1.28 1.4 1.37 1.34 1.28 

 

 

 
Table 3 

Flow-pressure characteristics of EPU, pressure drop is 0.5 kgf/cm2 

 

Atmospheric pressure Pressure of 1.2 kgf/cm2 

Holes No holes Holes No holes 

Parameter name 

 

Х = 0 Х = 0.4 Х = 0 Х = 0.4 Х = 0 Х = 0.4 Х = 0 Х = 0.4 

Pressure from the back of the electric motor, 

kgf/cm2 
–0.12 –0.07 0.27 0.28 0.08 0.1 0.47 0.465 

EPU inlet pressure, kgf/cm2 –0.06 –0.03 –0.03 0.027 0.15 0.15 0.16 0.15 

EPU outlet pressure, kgf/cm2 0.44 0.47 0.47 0.473 0.65 0.65 0.66 0.65 

Heat transfer fluid consumption, cm3/s 199 196 189 182 202 194 194 180 

Consumption current, A 1.25 1,21 1.14 1.09 1.26 1.21 1.16 1.08 

Heat transfer fluid temperature, ˚С 27.9 29.0 26.3 25.4 28.4 29.8 27.0 26.2 
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Table 4 

Flow-pressure characteristics of EPU, pressure drop is 0.6 kgf/cm2 

 

Atmospheric pressure Pressure of 1.2 kgf/cm2 

Holes No holes Holes No holes Parameter name 

 
Х = 0 Х = 0.4 Х = 0 Х = 0.4 Х = 0 Х = 0.4 Х = 0 Х = 0.4 

Pressure from the back of the electric motor, 

kgf/cm2 
–0.08 –0.03 0.33 0.346 0.12 0.14 0.52 0.527 

EPU inlet pressure, kgf/cm2 –0.03 0 –0.005 0.002 0.19 0.18 0.19 0.18 

EPU outlet pressure, kgf/cm2 0.57 0.6 0.595 0.602 0.79 0.78 0.79 0.78 

Heat transfer fluid consumption, cm3/s 121 122 116 95 121 119 114 94 

Consumption current, A 1.01 0.99 0.93 0.83 1.02 0.99 0.92 0.83 

Heat transfer fluid temperature, ˚С 28.0 29.2 26.4 25.6 28.2 29.9 27.1 26.3 

 

 

Let us compare the results obtained for different val-

ues of the clearance X and the presence or absence of 

relief holes. Comparison will be applied to the value of 

pressure from the rear side of the electric motor, since the 

axial force arises from the pressure difference on both 

sides of the impeller, and the value of the axial force itself 

is characterized by the integral of pressure. 

Study of the influence of the number and shape of 
the impeller blades. According to [8], the number of 

impeller blades should be 6–7 in order to obtain a stable 

flow-pressure characteristic. In accordance with [9], the 

rational number of blades for a low-flow pump is 4–6. 

The pressure pulsations excited during the operation of 

the EPU cause pressure fluctuations in adjacent cavities, 

thereby affecting the direction, magnitude and nature of 

the axial force. It was found that the geometrical and op-

erating parameters have a significant effect on the fre-

quency spectrum and amplitude of pressure pulsations [9]. 

It is assumed that an increase in the number of  

blades leads to a more uniform distribution of speeds in 

the impeller, which will entail a decrease in pressure pul-

sations, which will cause a change in the nature of the 

movement of the liquid in the impeller. The task was to 

determine the effect of the number of blades on the axial 

thrust. 

In this part of the experiment, additive technologies 

were used. They allowed to reduce test time due to the 

rapid production of various solutions. A printer with DLP 

printing technology was used. The principle of operation 

of which consists in gradual hardening along the sections 

of the part by illuminating the photopolymer with ultra-

violet light. This technology made it possible to manufac-

ture EPU impellers without using additional soldering 

operations, which positively affected the time spent on the 

production of experimental parts [10]. Of all the available 

printing technologies, this one is the most suitable be-

cause it allows the complex geometry of the impeller. The 

printing error is equal to the error of a milling machine, 

on which such impellers are usually manufactured. In 

addition, this technology does not require auxiliary ele-

ments for printing (support), which are necessary when 

using, for example, FDM technology, which decisively 

affects the quality of the resulting part. For further confi-

dence in the results obtained using this technology, an 

experiment was carried out. Measurements of flow-

pressure characteristics and axial thrust were carried out 

for an impeller made of standard material (AMg6M) and 

an impeller of a similar design made of photopolymer, the 

results are presented in tab. 5. 

It can be concluded that the impeller made of photo-

polymer shows flow-pressure characteristics lower than 

the impeller made of standard material, presumably due to 

the absence of sharp edges. However, we assume that this 

convergence is considered acceptable for a quick check of 

design solutions. 

Experiment № 4. Investigation of the influence of 

the number of blades on the value of the axial force 

arising during the operation of the impeller in the 
EPU. With the help of the CAD - system, 3D models of 

EPU impellers were designed, presented below [11–15]. 

The shape of the blades was chosen on the basis of ex-

perimental experience, it provides the necessary blade 

frequency and allows you to obtain the flow-pressure 

characteristics presented in tab. 1. This result is the most 

suitable for the work of EPU. The subject of research in 

this work is the axial thrust arising from the functioning 

of the investigated impellers. The measurements were 

carried out using the setup shown in fig. 4, alternately in 

two types of enclosures shown in fig. 5. Vibration meas-

uring information was obtained and analyzed on the elec-

tric motor DBE 63-25-6.3 with alternately installed impel-

lers. Nominal parameters of EPU: the rotor speed of the 

electric motor during all tests was 5900 rpm. When regis-

tering vibration accelerations, the transducers were in-

stalled in accordance with fig. 5. 

Registration of vibration acceleration signals was car-

ried out using a set of means for multichannel recording 

of vibration parameters based on an LMS SCADAS Mo-

bile measuring amplifier with the following recording 

parameters: 

1) signal recording bandwidth – from 7 to 10240 Hz; 

2) registration mode – continuous; 

3) recording duration – 30 minutes; 

4) sampling rate – 20480 Hz; 

5) the sensor provides a three-axis measurement; 

6) start mode – manual. 

Signal processing was carried out using software 

LMS.Test.Xpress 5A (during signal recording) in order to 
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obtain the root mean square value (RMS) of vibration 

acceleration. 

The cavity in which the impeller is located is filled 

with the power fluid LZ-TK-2. An axial force is created 

from the side of sensor 1. The electric motor is switched 

on. As the readings of the axial force on the sensor in-

crease, it is gradually increased until it stops increasing or 

decreasing. When the force stops increasing, it means that 

the axial thrust from the sensor side is equal to the force 

from the impeller. The resulting value is the axial force 

acting from the impeller. 

The axial thrust was measured under the following 

conditions: 

1) the same flow path of the pump; 

2) electric motor DBE 63-25-6.3; 

3) the same position of the impellers relative to the 

spiral bend, discharging holes are present (in accordance 

with the calculation of dimensional chains X = 0). The 

choice is due to the result of experiment №1, according to 

which, at X = 0 and the presence of discharging holes, the 

pressure on the rear side of the electric motor decreased 

from 4 to 8 times; 

4) power fluid LZ-TK-2. 

Consider the options for the tested impellers. 

16 blades, shortened in comparison with the ones 

of a standard impeller in fig. 2, axial thrust balancing 

discharging holes are present. Tab. 6, 7 show the test 

results of the impeller shown in fig. 6. 

Impeller with 14 blades, which are shortened com-

pared to the standard one, discharge holes for axial 

thrust compensation are present. Tab. 8–10 show the 

test results of the impeller shown in fig. 7. 

Two tests were carried out: 

1) discharge holes with a diameter of 2.2 mm; 

2) discharge holes with a diameter of 3.2 mm. 

After obtaining the results given in table 8, it was de-

cided to widen the discharging holes in order to verify the 

calculations, according to which, with an increase of the 

discharging holes to a diameter of 3.2, the value of the 

axial thrust will decrease by 38 %. 

Impeller with 14 straight blades. Tab. 11, 12 show 

the test results of the impeller shown in fig. 8. 

Impeller with 14 long blades. Tab. 13, 14 show the 

test results of the impeller shown in fig. 9. 

Tab. 15 shows the results of measuring the axial thrust 

in the impellers above. 

 

 
Table 5 

Flow-pressure characteristics of an AMg6M impeller and a photopolymer impeller of a similar design 
 

Impeller material Head (ΔP), 

kgf/cm2 

Flow rate (Q), m3/s Rotational speed of the 

electric motor (n), rpm 

Power fluid 

AMg6M 0.61 110–150 5800 LZ-TK-2 

Photopolymer 0.57 112 5800 LZ-TK-2 

 

 

 
 

Fig. 4. Measurement circuitry: 
1 – sensor; 2 – the rod; 3 – rubber gasket; 4 – motor; 5 – impeller;  

6 – inner cavity with power fluid 

 

Рис. 4. Схема измерения: 
1 – датчик; 2 – шток; 3 – резиновое уплотнение; 4 – ЭД; 5 – рабочее колесо;  

6 – внутренняя полость ЭНА, заполненная LZ-TK-2 

 

 

Table 6 

Test results, discharge holes Ø 2.2 mm 
 

Pressure drop, kgf/cm2 Consumption, cm3/s  Axial force, N (g) Electric motor speed, n, rpm 

0,4 189 2.8 (290) 5900 
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Fig. 5. Installation diagram of vibration transducers on the EPU electric motor 

 

Рис. 5. Схема установки вибропреобразователей на ЭД ЭНА 

 

 

 

 
 

Fig. 6. Impeller with sixteen blades. The blades are shortened  

in comparison to the ones of a standard impeller 

 

Рис. 6. Рабочее колесо с 16 лопатками, укороченными  

по сравнению со штатным 

 

 
Table 7 

RMS vibration acceleration of the impeller with 16 shortened blades 
 

RMS by range 

10–10240 Hz, m/s2 

RMS by range 

10–3200 Hz, m/s2 

RMS by range 

10-1000 Hz, m/s2 

Average RMS vibra-

tion acceleration, 

m/s2 (g)  

EPU type Rotation speed, 

rpm 

 

X Y Z X Y Z X Y Z 

Type 2 1.79 1.73 3.16 1.30 0.77 1.32 0.26 0.34 0.14 

Type 1 

5900 

1.36 1.75 2.80 0.81 1.02 0.84 0.22 0.32 0.32 

0.27 (0.026) 
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Fig. 7. An impeller with fourteen blades. The blades are shortened  

in comparison to the ones of a standard impeller 

 

Рис. 7. Рабочее колесо с 14 лопатками, укороченными  

по сравнению со штатным 

 

 

 

 
Fig. 8. Impeller with fourteen straight blades 

 

Рис. 8. Рабочее колесо с 14 прямыми лопатками 

 

 

Table 8 

Test results, discharge holes Ø 2.2 mm 
 

Pressure drop, kgf/cm2 Consumption, cm3/s Axial force, N (g) Electric motor speed, n, rpm 

0.4 189 1.66 (170) 5900 

 

 

 
Table 9 

RMS vibration acceleration of the impeller with 14 shortened blades 
 

RMS by range 

10–10240 Hz, m/s2 

RMS by range 

10–3200 Hz, m/s2 

RMS by range 

10–1000 Hz, m/s2 

Average RMS vibra-

tion acceleration, 

m/s2 (g) 

EPU type Rotation speed, 

rpm 

 

X Y Z X Y Z X Y Z 

Type 2 1.47 1.96 3.12 0.87 1.31 0.95 0.36 0.44 0.20 

Type 1 

5900 

1.85 2.43 2.93 1.01 1.51 0.74 0.23 0.31 0.27 

0.27 (0.026) 
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Table 10 

Test results, discharge holes Ø 3.2 mm  
 

Pressure drop, kgf/cm2 Consumption, cm3/s Axial force, N (g) Electric motor speed, n, rpm 

0.4 162 1.02 (105) 5900 

 

 

Table 11 

Test results, discharge holes Ø 2.2 mm 
 

Pressure drop, kgf/cm2 Consumption, cm3/s Axial force, N (g) Electric motor speed, n, rpm 

0.4 227 2.69 (275) 5900 

 
 

Table 12 

RMS vibration acceleration of the impeller with 14 straight blades 
 

RMS by range 

10–10240 Hz, m/s2 

RMS by range 

10–3200 Hz, m/s2 

RMS by range 

10–1000 Hz, m/s2 

Average RMS vibra-

tion acceleration, 

m/s2 (g) 

EPU type Rotation speed, 

rpm 

 

X Y Z X Y Z X Y Z 

Type 2 5900 2.79 2.73 3.46 2.23 1.73 1.19 0.40 0.56 0.28 

0.41 (0.042) 

 

 

 
Fig. 9. Impeller with 14 long blades 

 

Рис. 9. Рабочее колесо с 14 длинными лопатками 

 

 

Table 13 

Flow and pressure characteristics, axial thrust of impeller with 14 long blades,  

discharge holes Ø 2.2 mm 
 

Pressure drop, kgf/cm2 Consumption, cm3/s Axial force, N (g) Electric motor speed, n, rpm 

0.42 210 > 2.69 (> 275) 5900 

 

 
Table 14 

RMS vibration acceleration of the impeller with 14 long blades 
 

RMS by range 

10–10240 Hz, m/s2 

RMS by range 

10–3200 Hz, m/s2 

RMS by range 

10–1000 Hz, m/s2 

Average RMS vibra-

tion acceleration, 

m/s2 (g) 

EPU type Rotation 

speed, 

rpm 

 
X Y Z X Y Z X Y Z 

Type 2 5900 3.73 4.43 3.16 2.97 3.14 1.63 0.42 0.51 0.30 

0.41 (0.042) 
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Table 15 

Results of measuring the axial thrust in impellers with different blades 
 

№ Impeller type Axial thrust, N 
Average RMS vibration  

acceleration, m/s2 (g)  

1 16 short blades 2.84 0.27 (0.026) 

2 14 short blades 1.66/1.02 0.30 (0.029) 

3 14 straight blades 2.69 0.41 (0.042) 

4 14 long blades > 2.69 0.41 (0.042) 

 

 

Conclusion. With the same clearance and only from 

the presence of discharge holes, the value of the pressure 

acting from the rear side of the electric motor decreased 

approximately 2–3 times in the absence of pressure  

and up to four times in the presence of pressure  

of 1.2 kgf/cm2. The introduction of discharging holes  

for reducing the magnitude of the axial force acting  

in the electric pump unit is a widespread measure due  

to its simplicity and efficiency, which is confirmed by this 

experiment. 

There was no change in the magnitude of the pressure 

on the rear side of the electric motor when the clearance 

X was changed from 0 to 0.4. However, there is a small 

change in flow rate (from 7 to 21 cm3/s) when the clear-

ance X changes from 0 to 0.4 in the case of holes present. 

A similar phenomenon was not detected in the case of the 

absence of discharge holes. 

When comparing the case with the presence of dis-

charge holes and a clearance of X = 0 (case 1) with the 

case of the absence of discharge holes and a clearance  

of X = 0.4 (case 2), it was revealed that the pressure on 

the back of the electric motor decreased from 4 to 8 times 

in case 1 compared with case 2 in the presence of pressure 

of 1.2 kgf/cm2. In the absence of a pressure  

of 1.2 kgf/cm2, the pressure from the rear side of the elec-

tric motor decreased from 1.5 to 4 times. 

The size of the discharge holes affects the amount of 

axial force that occurs when the impeller operates. With 

an increase in the diameter of the discharge holes by  

45 %, the magnitude of the axial force decreased by 62 %. 

A further increase in the diameter of the discharge open-

ings is considered impractical due to the increase in head 

losses. 

According to the results of the analysis of vibration 

measurement information, for impellers with a different 

number of blades of the selected shape, the amplitudes  

of peaks above 1000 Hz prevail in the vibration accelera-

tion spectra. This value is the most suitable for EPU  

operation. 

With an increase in the number of blades from 14  

to 16, the axial thrust increased by 4 %. 

When changing the shape of the blade to a straight 

line (variant 3 of tab. 15), the value of the axial force  

increased by 62 %. 

According to the results of the analysis of vibration 

measurement information for impellers with a different 

number of blades of the selected shape, the amplitudes of 

peaks above 1000 Hz prevail in the vibration acceleration 

spectra. This result is most suitable for the work of EPU. 

The vibration acceleration spectra also show a significant 

predominance of the peak amplitudes in the range above 

1000 Hz. The minimum parameters of the RMS vibration 

acceleration module are observed for the impeller with  

16 short blades. 

The use of additive DLP printing technology in this 

study significantly accelerated the testing process.  

Impellers made of photopolymer have flow-pressure 

characteristics close to those of impellers made of stan-

dard material. 
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The aim of this paper is to describe an energy saving automatized simulation test complex used for spacecraft power 

supplies full-scale electrical ground-based tests.  The complex allows you to simulate the operation of solar array, lith-

ium-ion-battery and spacecraft payload. The distinctive features of the test complex are a continuous and impulse con-

trol methods combination with  an improved dynamic accuracy, and recuperation of consumed energy into its internal 

DC network for the better energy efficiency. Test complex operational time from uninterruptible power supply accumu-

lator batteries is significantly increased due to the recuperation of excess power into the test complex internal DC net-

work. The results are experimentally proved. 

The authors of the paper analyzed dynamic accuracy improvement and energy saving during ground-based space-

craft power system electrical tests. The process of ground-based spacecraft electrical testing includs the following 

tasks: 

– the accurate simulation of static and dynamic characteristics of spacecraft power system energy sources and 

loads; 

–  the utilization of energy produced by power system under load and during spacecraft battery charge simulation. 

The paper deals with the description of energy saving automatized simulation test complex (ESAST) including com-

plex subsystems structure and experimental study of the test complex characteristics. 

Commercially available simulation test complexes usually use continuous or impulse control methods. The continu-

ous control methods decrease energy efficiency, as the most part of energy is dissipated on the regulator, which  

requires massive heat sink, increasing weight and size. It makes difficult to produce high-power test complexes. The 

impulse control methods provide better energy efficiency, but limit dynamics and real devices fast response reproduc-

tion accuracy. The paper describes the combination of continuous and impulse control methods with the aim of taking 

the advantages of both. 

The energy consumed by the test complex can be utilized either by the heat dissipation in the environment or by the 

recuperation into industrial AC grid. The heat dissipation reduces the energy efficiency, increases the testing room tem-

perature (in case of high-power spacecraft power system) and an air conditioning system.  The recuperation into AC 

grid is free of specified disadvantages, but it requires the recuperated excess energy parameters matching with AC grid 

requirements through the network of grid-tied inverters, which leads to the increase of weight and size of the test com-

plex. Moreover, the recuperation into AC grid is difficult during grid emergency shutdown, which can result in long test 

failure. The paper describes the method of excess energy recuperation into the complex internal DC network. The 

method significantly reduced test complex energy consumption, which in case of powering test complex from uninter-

ruptible power supply (UPS) notably increase operating time from UPS accumulator batteries during AC grid emer-

gency shutdown. 

In conclusion the main advantages of ESAST are given: 

– more than twice wattage reduction of test complex main power supply; 

– the ability to work during AC grid emergency shutdown with increased operating time from UPS; 

– the significant reducing of ESAST main parts weight and size. 

 

Keywords: solar array simulator, battery simulator, electronic load, power supply system, energy saving. 
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В работе рассмотрен автоматизированный энергосберегающий имитационно-натурный комплекс, предна-

значенный для наземных испытаний систем электропитания космических аппаратов. Комплекс позволяет 

имитировать работу солнечной батареи, аккумуляторной батареи и бортовой нагрузки. Отличительной осо-

бенностью комплекса является комбинирование непрерывных и импульсных методов управления и использова-

ние рекуперации потребленной энергии в собственную сеть постоянного тока с целью повышения динамиче-
ской точности и повышения коэффициента полезного использования энергии. Также рекуперация в сеть по-

стоянного тока снижает энергопотребление комплекса, что при использовании источника бесперебойного 

питания (ИБП) позволяет увеличить время работы комплекса от аккумуляторов ИБП. 

В статье рассматриваются вопросы повышения динамической точности и снижения энергопотребления 
при проведении наземных электрических испытаний систем электропитания (СЭП) космических аппаратов 
(КА). В ходе наземных электрических испытаний СЭП КА возникают следующие задачи: 

– необходимо достаточно адекватно воспроизводить статические и динамические свойства как источни-

ков энергии СЭП КА, так и потребителей; 

– при энергонагружении СЭП и имитации заряда бортовой аккумуляторной батареи (АБ) необходимо ути-

лизировать потребленную энергию. 

Статья представляет собой описание автоматизированного энергосберегающего имитационно-натурного 

комплекса (ЭИНК), структур его подсистем, экспериментальное подтверждение характеристик. Приведен 

внешний вид ЭИНК. 

Промышленно выпускаемые имитационно-натурные комплексы, как правило, используют непрерывные или 

импульсные методы управления. Использование непрерывных методов управления снижает коэффициент по-

лезного использования энергии, поскольку относительно большая часть энергии рассеивается в виде тепла  

на регулирующих элементах, а также приводит к увеличению массогабаритных показателей из-за необходи-

мости применения теплоотводов. Это затрудняет создание мощных имитационно-натурных комплексов.  
Использование импульсных методов управления обеспечивает высокое значение коэффициента использования 
энергии, однако не позволяет получить высокого быстродействия и адекватного воспроизведения быстро-

протекающих процессов реальных устройств. В данной статье рассмотрено комбинирование непрерывных  
и импульсных методов управления, что позволяет объединить их преимущества. 

Для утилизации избыточной энергии в промышленно выпускаемых имитационно-натурных комплексах ис-
пользуется или рассеивание энергии в виде тепла или рекуперация в промышленную сеть переменного тока. 

Сброс избыточной энергии в виде тепла снижает коэффициент полезного использования энергии, приводит к 
повышению температуры в помещении (при испытании мощных СЭП), может потребовать систем вентиля-
ции и кондиционирования воздуха. Рекуперация энергии в сеть переменного тока лишена этих недостатков. 
Однако она требует согласования параметров рекуперируемой энергии с требованиями промышленной сети 

посредством ведомых сетью инверторов, что приводит к ухудшению массогабаритных показателей комплек-
са. Кроме того, рекуперация в сеть переменного тока затруднена при аварийном отключении сети. Это мо-

жет привести к срыву длительных испытаний. В данной статье рассмотрен метод рекуперации избыточной 

энергии в собственную сеть постоянного тока комплекса. При этом снижается энергопотребление комплек-
са, что при использовании источников бесперебойного питания (ИБП) повышает время работы ЭИНК от ак-
кумуляторов ИБП при аварийном отключении сети переменного тока. 

В выводах статьи подчеркивается, что разработанный ЭИНК обладает следующими преимуществами: 

– возможность уменьшения мощности источника электропитания комплекса минимум в два раза; 

– сохранение работоспособности и увеличение длительности работы от источника бесперебойного пита-

ния при отключении промышленной сети переменного напряжения; 
– существенное уменьшение массы и габаритов составных частей ЭИНК. 

 

Ключевые слова: имитатор солнечной батареи, имитатор аккумуляторной батареи, нагрузочное устрой-

ство, система электропитания, энергосбережение. 
 

Introduction. The automatized simulation test com-

plex (AST) ), which contain simulators of the primary 

energy source (solar battery), rechargeable battery (RB), 

and various load devices are used to carry out the ground-

based tests of the power supply systems (PS) of the space-

craft (SC). To ensure the required test quality the simula-

tors must reproduce the static and dynamic characteristics 

of the prototypes with a sufficiently high accuracy. 
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While creating AST of powerful (more than 10 kW) 

SC power systems and conducting long-term (resource) 

tests two problems arise: 

– to ensure the required accuracy of simulating the 

static and dynamic characteristics of power sources of the 

PS, which is important for the adequacy of the tests per-

formed; 

– to save energy and reduce the heat generation of the 

complex subsystems , which is important for improving 

the functional and operational characteristics of the com-

plex, its weight and dimension. 

In the existing AST, the first problem is solved by ap-

plying continuous control laws [1–3], which leads to a 

low coefficient of electricity use (no more than 50 %) 

and, as a result, to a large heat emission. 

While solving the second problem, the pulse control 

methods [4] and power recovery to the AC network are 

used. At the same time, the dynamic characteristics of 

simulators worsen, while meeting the requirements for the 

quality of electricity, the recuperator schemes become 

more complicated and their cost increases. To improve 

the quality of complex power supply the uninterruptible 

power supplies (UPS) have been used lately. But even in 

this case the significant disadvantage of this method is 

that, when the AC power is switched off in an emergency, 

recovery becomes impossible. 

In this paper, we propose the solution of these prob-

lems: providing the required dynamic properties and in-

creasing energy use in high-power AST 

For the solution of the problems with the energy-

saving AST (ESAST) developed by the authors the new 

approaches are used: 

– the combination of pulse and continuous control 

methods for simulators of power installations and subsys-

tems of PS, which allows to increase the coefficient of 

electricity use and provide the required dynamic proper-

ties of simulators; 

– the recovery of excess power of the load devices in 

the DC circuit of the complex power supply system , 

which allows to increase the of electricity use rate, reduce 

power consumption from the AC mains and the capacity 

of the power source of ESAST and increase the working 

time of ESAST from the battery when you unplug  

the AC. 

The proposed device structure. Fig. 1 shows a block 

diagram of the ESAST [5], which explains the use of the 

electricity recovery method in the DC network. 

In the first mode of operation (the illuminated section 

of the SC flight path, the RB charge), the PS receives 

electricity from the SAS and supplies the load and the 

LibS charge. LDER sets the power loading mode of the 

PS and returns the consumed energy to the general DC 

power supply network of the ESAST. The LibS operates 

in the RB charge simulation mode and recovers excess 

energy to the general DC power supply network of the 

ESAST. 

In the second mode of operation of the PS (the shadow 

section of the flight path of the SC), the SAS stops power 

supply to the PS. The LibS operates in the RB discharge 

simulation mode and provides power to the PS. LDER 

sets the power loading mode of the PS and returns the 

consumed energy to the general DC power supply net-

work of the ESAST. 

In the third mode of operation (the illuminated section 

of the SC flight path, the peak power consumption), the 

PS is powered from the SAS and the LibS together. The 

LibS also, as in the previous case, operates in the RB dis-

charge simulation mode. LDER sets the power loading 

mode of the PS and returns the consumed energy to the 

general DC power supply network of the ESAST. 

The following advantages of the ESAST structure 

should be considered: a relatively simple implementation 

of LDER, recovering the consumed energy in single SAS 

and LibS power supply, and relatively high specific en-

ergy characteristics of LibS using a bidirectional switch-

ing converter (PC). 

The combination of pulse and continuous simulators 

control methods, which allows providing high dynamic 

characteristics with relatively high energy efficiency, is as 

follows. Simulators (SAS, LibS and LDER) contain high-

speed continuous regulators that regulate the output pa-

rameter of the simulator (voltage, current, power, etc.), 

and pulse regulators that limit the power dissipation  

on continuous regulators and increase the energy  

efficiency. 

The solar array simulator. The basis of the SAS  

(fig. 2) is a continuous current stabilizer with the parallel 

control element (ACE) switching on. The CCS consists of 

the following devices: ACE, SA1, and CS1. To reproduce 

the required nonlinear current-voltage characteristics  

of the SB, the continuous current stabilizer (CCS) is cov-

ered by functional voltage feedback (FFD). The use of a 

pulsed current stabilizer (PCS) for the current flowing 

through the ACE allows us to limit the power dissipated 

by the ACE. The PCS consists of the following devices: 

PC, PWM, SA2, CS2, Vref. 

The principle of operation of the SAS: SA1 compares 

the voltage with CS1, proportional to the output current of 

the SAS, with the voltage at the output of the FFD and 

generates a control signal for the ACE. The FFD gener-

ates a set point for the continuous current stabilizer in 

accordance with the specified current-voltage characteris-

tic and the current voltage value measured by the VD. 

SA2 compares with the reference (Vref) voltage propor-

tional to the current through the ACE obtained from the 

CS2, and generates a control signal for the PC propor-

tional to the deviation of the current through the ACE 

from the required value. 

The lithium-ion-battery simulator (LibS). The basis 

of the Lithium-ion-battery simulator structure (fig. 3) [6] 

is a continuous voltage stabilizer with parallel switching 

on the ACE. The continuous voltage stabilizer consists of 

the following devices: ACE, SA1, VD to reproduce the 

required nonlinear charge-discharge characteristics of the 

AB, the continuous voltage stabilizer  is covered by func-

tional current feedback (CS). The use of a pulsed current 

stabilizer for current flowing through the ACE allows you 

to limit the power dissipated by the ACE. Pulsed current 

stabilizer consists of the following devices: BPC, PWM, 

SA2, CS2, Vref.  
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Fig. 1. ESAST structure: 

RS – rectifier stabilizer; SAS – Solar array simulator;  

PS – tested power supply; LDER – load device with energy  

recuperation; LibS – Lithium-ion-battery simulator 

 

Рис. 1. Структурная схема модуля ЭИНК: 
ВС – выпрямитель-стабилизатор; ИСБ – имитатор солнечной  

батареи; СЭП – испытываемая система электропитания;  

НУРТ – нагрузочное устройство рекуперативного типа;  
ИАБ – имитатор аккумуляторной батареи 

 

 

 

 

 
Fig. 2. Solar array simulator structure (SAS): 

PC – pulse converter; PWM – pulse width modulator; SA – summing amplifier;  

Vref – voltage reference; ACE – analogue control element; FFD – functional feedback;  

VD – voltage divider; CS – current sensor 

 

Рис. 2. Структурная схема ИСБ: 
ИП – импульсный преобразователь; ШИМ – широтно-импульсный модулятор;  

УС – усилитель-сумматор; ИОН – источник опорного напряжения;  

НРЭ – непрерывный регулирующий элемент; УФОС – устройство функциональной  

обратной связи; ДН – датчик напряжения; ДТ – датчик тока 
 

 

The operating principle of the  LibS: SA1 compares 

the voltage with the VD, proportional to the output volt-

age of the LibS, with the voltage of the FFD and gener-

ates a control signal for the ACE. The FFD generates a set 

point for continuous voltage stabilizer in accordance with 

the specified charge-discharge characteristic (CDC) and 

the state of charge measured by the AHS. SA2 compares 

the voltage proportional to the current through the ACE 

obtained from the CS2 with the reference one and gener-

ates a control signal for the BPC proportional to the de-

viation of the current through the ACE from the required 

value. 

Load device with energy recuperation. The LDER 

basis (fig. 4) is the continuous current stabilizer with  

parallel inclusion of the ACE. The continuous current 

stabilizer consists of the following devices: ACE, SA1, 

and CS1.  

To reproduce the required nonlinear current-voltage 

characteristics of the simulated load, the CCS is covered 

by functional voltage feedback (FFD). The use of a pulsed 

current stabilizer (PCS) flowing through the ACE allows 

you to limit the power dissipated by the ACE.  Pulsed 

current stabilizer  consists of the following devices: PC, 

PWM, SA2, CS2, Vref. 
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The principle of operation of the LDER: SA1 com-

pares the voltage with CS1, proportional to the input cur-

rent of the LDER, with the voltage at the output of the 

FFD and generates a control signal for the ACE. The FFD 

generates a set point for the continuous current stabilizer 

in accordance with the specified VAC and the current 

voltage value measured by the VD. SA2 compares the 

voltage proportional to the current through the ACE ob-

tained from the CS2 with the reference one and generates 

a control signal for the PC proportional to the deviation of 

the current value through the ACE from the required 

value. 

Energy-saving simulation and full-scale complex. 

ESAST developed by the authors (fig. 5) contains: SAS, 

LibS, LDER, high-speed protection device (HSPD), spe-

cialized hardware and software complex (HSC). The SAS 

module consists of 4 independent channels that allow both 

parallel, serial connection of two channels and mixed 

connections. Each channel provides: the no-load voltage 

changing from 20 to 200 V; the short-circuit current from 

0.1 to 7 A changing; the VAC shape setting mathemati-

cally, using a table, slopes for voltage and current 

branches and a non-linear transition zone; changing the 

output capacitance from 500 to 1000 nF with a step of 

100 nF. 

The module of the lithium-ion battery simulator 

(LibS) includes the following blocks: simulation of 

charge-discharge characteristics of the LibS; simulation of 

analog voltage sensors changes of each battery; simula-

tion of analog temperature sensors. 

 

 

 

 
Fig. 3. Lithium-ion-battery simulator structure: 

BPC – bi-directional pulse converter; PWM – pulse width modulation; SA – summing  

amplifier; Vref – voltage reference; ACE – analogue control element; CS – current sensor; 

VD – voltage divider; FFD – functional feedback; AHC – amp hours counter 

 

Рис. 3. Структурная схема ИАБ: 
ДИП – двунаправленный импульсный преобразователь; ШИМ – широтно-импульсный 

модулятор; УС – усилитель-сумматор; ИОН – источник опорного напряжения;  

ДТ – датчик тока; НРЭ – непрерывный регулирующий элемент; ДН – датчик напряжения; 
УФОС – устройство функциональной обратной связи; САЧ – счетчик ампер-часов 

 

 

 

 

 
Fig. 4. Structure of load device with energy recuperation: 

PC – converter; PWM – pulse width modulation; SA – summing amplifier;  

Vref – voltage reference; ACE – analogue control element; FFD – functional feedback; 

VD – voltage divider; CS – current sensor 

 

Рис. 4. Структурная схема НУРТ: 
ДН – датчик напряжения; ДТ – датчик тока; УФОС – устройство функциональной  

обратной связи; УС – усилитель-сумматор; НРЭ – непрерывный регулирующий  

элемент; ИОН – источник опорного напряжения; ШИМ – широтно-импульсный  

преобразователь; ИП – импульсный преобразователь 
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Fig. 5. ESAST: 
1 – Hardware and software complex; 2 – Four SAS channels;  

3 – PS; 4 – LibS; 5 – four LDER channels 

 

Рис. 5. Внешний вид ЭИНК: 
1 – АПК; 2 – четыре канала ИБС; 3 – источник электропитания;  

4 – ИАБ; 5 – четыре канала НУРТ 

 

The LibS module provides: changing the voltage from 

10 to 105 V; changing the charge current from 0 to 25 A; 

the discharge current changing from 0 to 70 A; the shape 

of the charge discharge characteristics (CDC) setting 

mathematically, using a table; changing the active  

component of the internal resistance from 5 mohm  

to 50 mohm, the inductive component – from 8 mgN  

to 80 mgN. 

The LDER module contains 4 independent channels 

that allow both parallel, serial connection of two channels 

and mixed connections. LDER provides: maximum chan-

nel power of 1500 W; voltage change from 20 to 120 V; 

current change from 0.1 to 20 A; guidance of harmonic 

interference with an amplitude of 5 A in the band up to 

300 kHz. 

To confirm the effectiveness of the pilot images of the 

main subsystems ESAST a comparative analysis of the 

technical and price characteristics of subsystems EINK 

modular characteristics of the subsystems of foreign com-

panies [7–9] and energy saving subsystems of the test 

systems manufactured was carried out by NIIAM TUSUR 

(The Research Institute of Automation and Electro me-

chanics) [10–12], the testing equipment for spacecraft 

production leader in Russia. 

It should be noted that the main advantages of the 

EINK with the recovery of excess electricity to the DC 

network of the power supply system of the complex are: 

 the ability to reduce at least twice the power source 

force of the complex; 

 keeping the operability and increasing the operation 

duration from an uninterruptible power supply when the 

industrial AC network is disconnected; 

 the significant mass and dimension reduction of the 

ESAST components. 

Tab. 1 shows the technical characteristics of lithium-

ion battery simulators: BIAB-200LI [10], manufactured 

by NIIEM –TUSUR, Tomsk; LibS with two modules par-

allel connection, manufactured by Reshetnev Siberian 

State University of Science and Technology, Krasnoyarsk 

and a battery simulator manufactured by AMETEK [7], 

USA. 

Tab. 1 shows that the main technical characteristics of 

the Libs developed by Reshetnev Siberian State Univer-

sity are at the same level, and in terms of weight and size 

characteristics it is even ahead. 

Tab. 2 shows the technical characteristics of simula-

tors of solar cells of comparable capacity: SAS-200/7-4 

[11], produced by NIIEM –TUSUR, Tomsk; ISB-200-4K 

with parallel connection of two modules, produced by 

Reshetnev Siberian State University, Krasnoyarsk and 

E4360 Keysight Technologies [8] with parallel connec-

tion of four modules containing eight channels. 

Tab. 2 shows that in terms of technical characteristics 

and functions the SAS developed by Reshetnev Siberian 

State University occupies the intermediate position be-

tween the SAS produced by TUSUR and Keysight Tech-

nologies. The Keysight Technologies SAS disadvantages 

are the greater heat capacity when working on the current 

branch WAC , the WAC insufficient slope on the branch 

voltage, determined by the value of series resistance RS, 

low voltage-170V. 

Tab. 3 shows comparable in power load device simu-

lators technical characteristics: BIN-100 [12], produced 

by NIIEM-TUSUR, Tomsk; NUK-120-4K with parallel 
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connection of two modules, produced by Reshetnev Sibe-

rian State University, Krasnoyarsk and EA-ELR 9250-70 

Elektro-Automatik [9], Germany.  

Elektro-Automatik load devices have good weight and 

size characteristics, but the reason is ,that the  function of 

directing test sinusoidal and pulse currents on the buses of 

power sources is limited to a frequency band not exceed-

ing several kilohertz by the use of pulse converters. It is 

necessary to increase the frequency band to hundreds of 

kilohertz and measure the impedance frequency character-

istics of power sources in order to study the noise immu-

nity, while the use of continuous load devices is required, 

which significantly worsens the weight and size charac-

teristics of the devices. This is illustrated by the load de-

vices production TUSUR and Reshetnev Siberian State 

University.  
 

 

Table 1 

Energy and mass-dimensional characteristics of lithium-ion battery simulators 
 

№ Parameter Dimen 

tion 

BIAB-200LI NIIEM 

TUSUR 

Libs Reshetnev 

Siberian State 

University 

Battery String Simula-

tor, AMETEK 

1 Charge/ discharge voltage range Volt 40–110 10–120 120 

2 The maximum power in the discharge 

mode 

Watt 12000 14700 18000 

3 Discreteness of charge/discharge volt-

age adjustment 

Volt 0.1 0.1 No data 

4 The magnitude of the output voltage 

ripple, not more 

мVolt 50 500 No data 

5 Maximum charging current Аmp 30 50 50 

6 Maximum chargig current Аmp 200 voltage not 

more than 60 Volt. 

109 voltage 110 В 

140 

over entire 

voltage range 

150 

 

7 Charge/discharge characteristics simu-

lation 

--- no yes no 

8 Recuperation in charge mode --- no yes no 

9 Voltage sensors simulation --- yes yes yes 

10 Temperature sensors simulation --- yes yes yes 

13 Specific volume m3/Watt 79.56 × 10–6 16.46 × 10–6 114.76 × 10–6 

14 Specific gravity kg/Watt 33.33 × 10–3 8.84 × 10–3 31.25 × 10–3 

 

 

 
Table 2 

Energy and mass-dimensional characteristics of lithium-ion battery simulators 
 

№ Parameter Dimen-

tion 

SAS-200/7-

4TUSUR 

SAS-200-4К 

Reshetnev  

Siberian State 

University 

E4360 

Keysight 

Technologies 

1 Control range Uxx Volt 40–210 20–210 20–170 

2 Adjustment discreteness Volt 0.1 0.1 0.048 

3 Single-channel icz current adjustment range Amp 0-8 0–7 0–3.8 

4 Icz current adjustment discretness Аmp 0.01 0.01 0.0012 

5 VAC reproduction error % 5 2 No data 

6 Frequency band for admittance playback Гц Hz No data 100000 No data 

7 Frequency band for admittance playback 

not more 

% No data 5 No data 

8 Resistance serial RS minimum Ом Om 0.3 0.3 1.72 

9 Specific volume m3/Watt 87.71 × 10–6 43.20 × 10–6 30.36 × 10–6 

10 Specific gravity kg/Watt 32.74 × 10–3 16.43 × 10–3 14.75 × 10–3 
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Table 3 

Energy and mass-dimensional characteristics of the regenerative-type load devices 
 

№ Parameter Dimen-

tion 

BIN-100 

TUSUR 

NUK-120-4К 

Reshetnev Siberian 

State University 

EA-ELR 9250-70  

Elektro-Automatik 

1 Maximum input voltage Volt 100 120 250 

2 Input current range Amp 0–65 0–80 0–70 

3 Adjustment discreteness Аmp 0.01 0.01 No data 

4 Range of sinusoidal load test 

current 

Аmp 0–15 0–16 No data 

5 Adjustment discreteness Аmp 0.1 0.1 No data 

6 Frequency range of the 

test signal 

кГц 

kHrz 

0.02–100 0–300 No data 

7 Constant resistance load simula-

tion 

--- no yes yes 

8 Constant power load simulation --- no yes yes 

9 Recovery of excess energy --- To the indus-

trial AC  

network 

To the DC network  

of the test complex 

To the industrial AC  

network 

10 The ability to work when dis-

connecting the commercial 

power supply AC voltage 

--- No, without 

additional 

devices  

yes no 

11 Specific volume m3/Watt 90.68 × 10–6 40.32 × 10–6 22.36 × 10–6 

12 Specific gravity kg/Watt 33.85 × 10–3 18.33 × 10–3 9.72 × 10–3 

 

 

Conclusion: The main subsystems of the ESAT de-

veloped by Reshetnev Siberian State University in most 

parameters are at the world manufacturer technical char-

acteristics level, and in a number of functions it is some-

times higher. In particular, it concerns the dynamic prop-

erties: the frequency band for reproducing the AB imped-

ance, the SB admittance, the frequency range for inducing 

the test current of the sinusoidal form of the LDER, and 

the power utilization coefficient. 
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DETERMINATION OF THE DIGITAL CONTROLLER’S CHARACTERISTICS  

OF THE SWITCHED-MODE POWER CONVERTERS 

 

A. A. Lopatin, A. A. Druzhinin*, A. S. Asochakov, A. V. Puchkov 

 

JSC Academician M. F. Reshetnev Information Satellite Systems 

52, Lenin St., Zheleznogorsk, Krasnoyarsk region, 662972, Russian Federation 
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The development of spacecrafts equipment is on the way to digitalization. In particular,  energy spacecraft conver-

sion devices are being modernized by introducing digital automatic control systems instead of analog ones. This leads 

to an increase in the efficiency of the power supply system, but at the same time, there is a need to create methods to 

determine characteristics that will confirm with a high degree of accuracy and conformity of the manufactured sample 

with the technical requirements specified during its design. The article describes the features of functioning and meth-

odology for determining digital control channel of a pulse voltage converter’s characteristics. The proposed approach 

is a toolkit for verifying the correct implementation of both the hardware parts of the control channel and the control-

ler, which is a program code implemented on digital control devices. The technique is based on determining the degree 

of responses correspondence to typical external influences of a hardware-implemented control channel and its model. 

Based on the transfer functions of the IIR and FIR digital filters, using standard built-in models, the control channel of 

the pulse voltage converter corresponding to the tested hardware-implemented device is simulated in the package Mat-

lab Simulink. The basic principles of building the software architecture experiment are described. A block diagram of 

the test complex has been developed, including sources of external influence, control channel, and a test management 

tool (in this case, a personal computer). An example of applying such a technique to verify the parameters of the devel-

oped PID controller is given. Operability and accuracy of the proposed method to determine characteristics of the con-

trol channel by reaction to a sequence of rectangular pulses, and by constructing the AFCL are experimentally shown. 

Application of this verification method to production conditions will allow a complete check of individual central con-

trol units (CCU) of energy-converting equipment with closed feedbacks even at the stage of devices development, which 

will eliminate errors in the implementation of regulators in control loops. 

 

Keywords: testing, pulse voltage converter, digital controller, reference model, response, typical input. 
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ИМПУЛЬСНЫХ ПРЕОБРАЗОВАТЕЛЕЙ НАПРЯЖЕНИЯ 

 

А. А. Лопатин, А. А. Дружинин*, А. C. Асочаков, А. В. Пучков 

 

АО «Информационные спутниковые системы» имени академика М. Ф. Решетнева» 

Российская Федерация, 662972, г. Железногорск Красноярского края, ул. Ленина, 52 
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Развитие космического приборостроения идет по пути цифровизации. В частности, энергопреобразующая 
аппаратура космических аппаратов модернизируется путем внедрения цифровых систем автоматического 

управления взамен аналоговых. Это приводит к повышению эффективности системы электропитания, но в 
то же время возникает необходимость в создании способов определения их характеристик, которые позволят 

с высокой степенью точности подтвердить соответствие изготовленного прибора заданным при проектиро-

вании требованиям технического задания. В статье описаны особенности функционирования и предложен 

способ определения характеристик цифрового канала управления импульсным преобразователем напряжения. 
Предложенный подход представляет собой инструментарий для проверки правильности реализации как аппа-

ратных частей канала управления, так и самого регулятора, представляющего собой программный код, реали-
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зованный на цифровых управляющих устройствах. Метод основан на определении степени соответствия от-

кликов на типовые внешние воздействия аппаратно реализованного канала управления и его модели. На основе 
передаточных функций цифровых фильтров с бесконечной импульсной характеристикой и конечной импульс-
ной характеристикой, с использованием типовых встроенных моделей, в пакете имитационного моделирова-

ния Matlab Simulink смоделирован канал управления импульсным преобразователем напряжения, соответст-

вующий испытываемому аппаратно-реализованному устройству. Описаны основные принципы построения 
программной архитектуры обеспечения эксперимента. Разработана структурная схема испытательного 

комплекса, включающая источники внешнего воздействия, сам канал управления и средство управления прове-
дением испытаний (в данном случае персональный компьютер). Приведен пример применения такой методики 

для верификации параметров разработанного пропорционально-интегрального дифференциального регулято-

ра. Экспериментально показана работоспособность и точность предложенного способа определения харак-
теристик канала управления по реакции на последовательность прямоугольных импульсов и путем построения 
логарифмической амплитудно-фазовой частотной характеристики. Применение такого метода верификации 

в условиях производства позволит обеспечить полную проверку отдельных цифровых управляющих устройств 
энергопреобразующей аппаратуры с замкнутыми обратными связями еще на этапе разработки приборов, что 

позволит исключить ошибки в реализации регуляторов в контурах управления. 
 

Ключевые слова: тестирование, импульсный преобразователь напряжения, цифровой регулятор, эталонная 
модель, отклик, типовое воздействие. 

 

Introduction. Operation of space technology devices 

has its own specific features, which combine high cost 

of failure, inability to repair, and a long period of con-

tinuous operation under conditions of outer space radia-

tion exposure. In this regard, all devices that are de-

signed for space technology go through a full cycle of 

checks and tests, which differ in terms of regulations, 

physical nature, and magnitude of disturbing effects. To 

ensure reliability and quality of the equipment produced, 

a multi-stage verification of the device is applied, which 

includes tests according to a hierarchical system [1]. 

This is how the parameters of all electrical components 

used are checked, tested for compliance with technical 

specifications requirements: first the individual units of 

the device, then the device autonomously as a part of the 

spacecraft (SC). Today, space technology is actively 

developing and modernizing. In this regard, develop-

ment of methods for testing onboard equipment remains 

an important task. 

One of the lines of space technology development is 

modernization of power supply system, and, in particular, 

energy-converting equipment. Improvements of microe-

lectronics and electronic component base allowed to start 

introducing microprocessor systems to control the proc-

esses of voltage and current stabilization and regulation of 

the power bus. Digital control systems (CS) have a num-

ber of advantages over analog systems, among them the 

flexibility of setting parameters and independence of 

characteristics from external climatic influences [2], 

which is an important property for long-term operation in 

conditions of external impact factors of outer space. 

Introduction of digital controllers in microprocessor 

systems sets the task of developing methods for determin-

ing their characteristics. Methods for characterizing ana-

log regulators are widely known. Analog regulators are 

operational amplifiers with external feedback reactance. 

Elements used for regulators undergo input control of 

parameters and a series of electrical and temperature tests 

aimed at revealing the drift of parameters. The regulator is 

then subjected to electrical and functional tests. A digital 

controller, in contrast to an analogue one, is a program 

code for a digital control device (DCD), consisting of the 

operations of storing the values of variables, multiplica-

tions by constants and additions [3]. While a microproc-

essor system is used to control a pulse voltage converter, 

the input signal – a feedback signal (feedback) for a digi-

tal controller is converted using an analog-to-digital con-

verter (ADC), and the output signal is formed using a 

digital pulse-width modulator (DPWM). Since the ap-

proach to the physical implementation of digital and ana-

log controllers is significantly different, the test methods 

applied to the control channel of an analog system are not 

suitable for testing the microprocessor system. 

In this regard, this work proposes a method for deter-

mining characteristics of a switched-mode power supply 

(SMPS) control channel. The proposed method was veri-

fied during IIT prototype testing. 

First, a description of the test object will be given, 

which is a control channel of a SMPS, its features will be 

highlighted based on which the approach to its testing is 

developed. Next, the method for determining parameters 

is explained – which software is needed to implement the 

proposed method, and features of the test complex func-

tioning are explained. The next step is results of experi-

mental verification of the proposed method, by determin-

ing the degree of correspondence of the hardware-

implemented control channel of the IIT characteristics 

with the results of simulation. 

Test object. The object of testing is the channel of 

SMPS digital control system, which is shown in fig. 1. 

The control channel consists of a sensor, an analog-to-

digital converter, an error signal generator, a digital con-

troller and a pulse-width modulator [4]. 

Operation of control channel can be described as fol-

lows. A signal representing the value of  physical quantity 

is coming from the sensor. This signal is digitized by the 

ADC and fed to the input of the error signal generator. 

The digitized signal is subtracted from the reference sig-

nal, resulting in an error signal. The error signal is proc-

essed by a digital controller which calculates the control 

signal. The control signal goes to the digital pulse width 

modulator (DPWM).  
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Fig. 1. Pulse converter control channel 

 

Рис. 1. Канал управления импульсным преобразователем 

 

 

There are several ways to implement a control channel 

[5]. It can be a microcontroller or digital signal processor 

(DSP) with built-in ADCs, regulators and DPWMs, or it 

can be a field-programmable gate array (FPGA) on which 

the regulator and DPWMs are made, and the ADC is an 

external device. However, the testing approach will be 

identical. 

The main testing element is the digital regulator. As a 

mathematical object, the regulator is a digital filter with 

an infinite impulse response (IIR – filter), or a digital fil-

ter with a finite impulse response (FIR – filter) [6]. For-

mulas of transfer functions IIR (1) and FIR (2) filters in 

general form are given below. 
 

1

0

1

1

( ) ,

1

N
i

i

i

M
k

k

k

b z

D z

a z














 




                         (1) 

 

 

1

0

( ) ,
N

i
i

i

D z zb






                             (2) 

 

where bi, ak are regulator coefficients, z-i is the delay ele-

ment per cycle of the regulator operation. 

The digital filter, depending on the structure and val-

ues of coefficients, has a number of static and dynamic 

characteristics that are unique for a given filter [7]. This 

property is well manifested by determining the response 

to typical  inputs, including stepwise, impulse and har-

monic effects. All outputs will also be unique to this filter. 

Based on this property, a methodology for checking the 

control channel will be built. 

Since the controller is a program code consisting of 

the simplest arithmetic operations, it can be simulated in 

the Matlab Simulink simulation system. The methods for 

modeling digital filters in this program are well known 

and have shown their efficiency [8]. Also, with a given 

accuracy in this program, an ADC can be modeled  in the 

form of a transmission coefficient, and external typical 

disturbance signals. Thus, with the help of simulation, it 

is possible to obtain an accurate response of the digital 

filter to typical inputs. 

According to the described hardware-implemented 

control channel, a model was developed in Matlab Simu-

link (fig. 2). In the model, a PID – regulator is used as a 

regulator, and the FPGA block designates a signal source 

that represents a signal received from the model of the IIT 

control channel. 

The block diagram of the hardware measuring  

the response of a digital filter to typical inputs is shown  

in fig. 3. 

The source of disturbance is a serial connection be-

tween a constant voltage source and a signal generator. In 

this case, the controller includes an integral component, 

therefore, the presence of a DC component in the error 

signal will lead to saturation of the digital controller, 

which will not allow obtaining a response to any action. 

Thus, for correct operation it is necessary to select  

a source voltage and a generator signal amplitude in such 

a way that relation [9] is fulfilled. 
 

0
( ) 0,

T
Ref Udsup Udgen dt                     (3) 

 

here Ref is the reference signal, Udsup, Udgen are the 

digitized values of the voltage source and the generator 

signal, respectively, at the sensor input, T is the generator 

signal period. 

In accordance with fig. 3, the total voltage of the 

source and generator is converted by the sensor and fed to 

the ADC input. The signal from the ADC output is used 

to receive the control error signal and is fed to the digital 

filter input. An interface connection is established be-

tween the digital control device, where the digital filter is 

implemented, and the personal computer [10]. Matlab is 

also used to obtain measurement results. Details about the 

program for the control center and its interaction with a 

personal computer will be described in detail in the next 
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section. As a result of the experiment on a personal com-

puter in the Matlab environment, graphs are displayed 

that represent the input signal of the hardware-

implemented controller and its response to this signal. 

As a result, in one simulation environment responses 

to typical inputs of the designed control channel model 

and responses to similar typical actions obtained during 

testing of the hardware-implemented control channel will 

be obtained. By comparing the received signals, it is pos-

sible to make an unambiguous conclusion about whether 

the IIT control channel is correctly implemented. If the 

control channel is working correctly, the signals must 

match. 

Software. Digital control systems can be based on 

digital signal processors (DSP), universal microcontrol-

lers or field-programmable gate array (FPGA). 

Modern universal microcontrollers have ample oppor-

tunities for the formation of a control action and support 

digital signal processing (DSP) operations, which makes 

it possible to use them in control systems of power con-

verters [11]. The most common general purpose micro-

controllers are embedded 32-bit microcontrollers.  

 

 

 

 
Fig. 2. Control channel model in Matlab Simulink 

 

Рис. 2. Модель канала управления в Matlab Simulink 

 

 

 

 

 

 

 

 
Fig. 3. Scheme of experimental determination of control channel characteristics 

 

Рис. 3. Схема экспериментального определения характеристик канала управления 
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These processors include the STMicroelectronics  

32-bit STM32 microcontroller. In space technology, the 

Milandr 32-bit 1986BE8 microcontroller is widely used to 

provide resistance to external influences. 

Digital signal processors, in comparison with general-

purpose microcontrollers of general use, ensure to maxi-

mally speed up the execution of typical tasks of digital 

signal processing, such as digital filtering, Fourier trans-

form, signal search, etc. [12]. Therefore, signal processors 

are optimized for speed to perform just such operations. 

DSP processors TMS320 or specialized microcontrollers 

UCD3138 from Texas Instruments are widely used  

in power converters. 

FPGAs are well suited for devices such as radar sys-

tems, electronic intelligence systems, image processing 

systems, signal processing devices, etc. they are primarily 

intended for those devices in which signal processing and 

vector or matrix calculations are performed. Due to the 

ability to perform cumbersome parallel computations, 

FPGAs have become widely used in complex applications 

[13]. Operating at relatively low clock rates of the order 

of hundreds of MHz, they can perform tens of thousands 

of calculations per clock cycle and still consume much 

less power than microprocessors with the same perform-

ance. 

FPGA cyclone IV (EP4CE22F17C6N) [14] from  

Altera, which is an indirect analogue of the domestic  

Rad-Hard FPGA 5578TS064 manufactured by VZPP-S, 

and a 12-bit ADC128S022 ADC with a digital SPI inter-

face from Texas Instruments were used in the IIT layout. 

The FPGA implements an ADC control unit via the SPI 

interface and a regulator in structure and coefficients 

similar to the model. 

The block diagram of the program is shown in fig. 4. 

Since for calculating the controllers in the used FPGA 

it is necessary to perform floating point calculations, the 

FPGA used computing units according to the IEEE 754 

standard [15]. 

With the frequency of 100 kHz, the values are cap-

tured from the ADC and the regulators are calculated. The 

ADC data and regulator responses are transferred to the 

FPGA's internal RAM. 

After experiment completion the data is transferred to 

the computer via the UART interface to the Matlab simu-

lation system and output to the virtual oscilloscope for 

comparison with similar signals measured in the simula-

tion model. 

In the course of the work, three types of controllers 

were implemented and their performance and resources 

used were evaluated when implemented on a specific 

FPGA (EP4CE22F17C6N). The parameters are presented 

in the tab. 1. 

Experiment. A digital regulator has been developed 

for the SMPS. In this case, it is a proportional-integral-

derivative (PID) controller made by the method of inte-

gration according to the Euler method. This regulator was 

converted into an IIR – filter, the structure corresponds to 

formula 1, and has the coefficients presented in tab. 2. 

The response to rectangular pulses signal type makes 

it possible to assess the correspondence of the regulator 

coefficients in terms of the output signal overshoot,  

as a result of the response to a change in the level of the 

disturbing pulse, and in the rate of change in the regula-

tor output signal as a result of integrating the control 

error. In this experiment a signal of the type of  

a sequence of pulses with a peak-to-peak value of 3 V 

(from 0 to 3 V), a frequency of 100 Hz and a duty cycle 

of 0.5 was selected as a disturbance signal. Thus, at the 

input of the PID-controller there will be a numerical 

equivalent of pulses with voltage from –1.5 to +1.5 V 

with a zero constant component, which is necessary  

to fulfill condition (3). 

Fig. 5 shows the results of an experiment on a pulse 

sequence. The dashed line indicates the disturbance signal 

at the filter input, and the solid line indicates the response 

at the filter output. The top graph shows the signals ob-

tained on the simulation model, and the bottom graph 

shows the signals obtained as a result of testing the hard-

ware-implemented control channel. 

As you can see from the graphs, the responses are 

identical with minor differences. The differences are ex-

plained by the presence of distortion and noise in the sig-

nal of the generator, as well as by the errors of the real 

ADC. 

The controller in the feedback loop is designed based 

on the requirements for characteristics in frequency and 

time domains of the control object. It must adjust the 

frequency response of the open loop of the control ob-

ject so that it meets a number of requirements, such as 

crossover frequency and phase margin. This means that 

the key characteristic of the designed controller is its 

Logarithmic Amplitude-Phase Frequency Response 

(LAFC). LAFC is determined from the response to har-

monic influences at different frequencies. To construct 

the LAFC, harmonic signals with an amplitude of 1.5 V 

and frequencies of 100, 250, 500, 1000, 2500, 5000 and 

10000 Hz were selected as disturbing influences. From 

the responses of the regulator, obtained as a result of 

tests for harmonic influences at the declared frequencies, 

a piecewise-linear IIR-filter LAFC was built and com-

pared with the continuous theoretical characteristic  

of the developed regulator. 

In fig. 6, the solid line with highlighted points denotes 

the frequency response obtained as a result of the experi-

ment, and the dashed line – calculated from the TF of the 

controller. 

According to fig. 6 it can be concluded that the dy-

namic properties in the investigated frequency range of 

the implemented controller correspond to the calculated 

ones with the required accuracy. 

Thus, from the totality of the experiment  results car-

ried out comparing the responses to the typical inputs of 

the control channel model and the real tested control 

channel, we can make an unambiguous conclusion that 

the control channel is implemented correctly and its char-

acteristics correspond to the calculated ones. 
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Fig. 4. Block diagrams of the program on the FPGA Cyclone IV 

 

Рис. 4. Структурные схемы работы программы на ПЛИС Cyclone IV 

 

 

 

Table 1 

Comparison table of implemented regulators 
 

Controller 

Parameters 
Integral controller 

Standard 

PID-controller 
IIR filter 

Base frequency, MHz 40 40 40 

Conversion time, ns 350 1500 2000 

Number of occupied logical elements, pcs. 1393 2314 1452 

The number of used DSP blocks, pcs. 10 7 7 

 

 

 

Table 2 

IIR filter coefficient values 
 

Coefficient Value 

a1 –1 

a2 0 

b0 2.647745 

b1 –5 

b2 2.354 

 

 

 

 
 

Fig. 5. Responses of the model and CCU to the impact of sequence of impulses type 

 

Рис. 5. Отклики модели и ЦУУ на воздействие типа «последовательность импульсов» 
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Fig. 6. Calculated from the TF filter, and obtained as a result of a full-scale experiment,  

Log-magnitude and Phase diagrams 

 

Рис. 6. Расчетные из ПФ фильтра и полученные в результате натурного эксперимента ЛАЧХ и ФЧХ 

 

 

Conclusion. As a result of the work done, a method 

for determining the channel characteristics of a digital 

control system of a SMPS was proposed and tested, based 

on the comparison of control channel responses  and its 

model to typical disturbance signals and LAFC removal. 

An example of the application of such a technique for 

verifying the parameters of the developed PID controller 

is given. In the course of the study of the CCU of the IIT 

layout, it was confirmed that the responses to the se-

quence of rectangular pulses coincide, and the LAFC of 

the model and the physical control channel also coin-

cided. 

The proposed technique can be used to test a digital 

control channel of not only switched-mode power supply, 

but also other control objects; for testing itself any neces-

sary disturbance signals, including non-periodic signals of 

a complex shape, can be used. 

Introduction of this testing technique in production 

conditions will allow a complete check of individual con-

trol centers of power converters with closed feedbacks 

before the final assembly of the device and power on, 

which will eliminate errors in the implementation of con-

trol loop regulators, leading to undesirable non-stationary 

modes of operation of power converters. 
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CFD METHODS FOR CAVITATION MODELING IN CENTRIFUGAL AND AXIAL PUMPS OF LRE 
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Currently, design and manufacture of liquid-propellant rocket engines (LRE) are imposed with ever greater reliabil-

ity requirements. Accordingly, the standards for the design and manufacture of rocket engine units are raising. One of 

these units is a turbopump unit (TNA), which provides continuous supply of liquid components from combustion reac-

tion to the combustion chamber of a rocket engine to create traction or other engine units. TNA is also the main source 

of pressure increase for these liquid components in front of the LRE combustion chamber. Important requirements are 

imposed on a turbopump unit (TNA): ensuring work performance and basic parameters for a given resource with the 

necessary possible pauses of a specified duration; providing all engine operating modes, supplying the fuel components 

of the required flow rate and pressure, guarantying a high degree of reliability with acceptable entire unit efficiency; 

providing high anti-cavitation characteristics of the pump in all modes. In the article, the authors summarize the latest 

results of the study on cavitation in turbopump units of liquid propellant rocket engines alongside with the relevant re-

search in the field of hydraulics. The problems of cavitation in cryogenic liquids, simulation of stall characteristics, and 

usability of various models to simulate cavitation flow are observed. A solution to the problems of flow modeling was 

considered with respect to applicability to the following structural elements of LRE units: interscapular space of the 

screw centrifugal main and booster pumps, axial pre-pump. Particular attention is paid to the implementation of vari-

ous numerical methods based on the use of various cavitation models, computational fluid dynamics in various CFD 

packages, and also comparison of results with the model. In summary, the authors draw conclusions about the possibil-

ity of applying these methods to solve the problems of the cavitation phenomenon research in LRE. 

 

Keywords: Cavitation, TNA, LRE, CFD modeling. 
 

 

МЕТОДЫ CFD МОДЕЛИРОВАНИЯ КАВИТАЦИИ В ЦЕНТРОБЕЖНЫХ  

И ОСЕВЫХ НАСОСАХ ЖИДКОСТНЫХ РАКЕТНЫХ ДВИГАТЕЛЕЙ 
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В настоящее время к проектированию и производству жидкостных ракетных двигателей (ЖРД) предъяв-
ляются все большие требования по обеспечению надежности. В соответствии с этим повышаются требова-

ния по проектированию и изготовлению агрегатов ЖРД. Одним из таких агрегатов является турбонасосный 

агрегат (ТНА), обеспечивающий непрерывную подачу жидких компонентов реакции горения в камеру  
сгорания ракетного двигателя для создания тяги или в другие агрегаты двигателя. Также ТНА является ос-
новным источником повышения давления данных жидких компонентов перед камерой сгорания ЖРД. К ТНА 

предъявляются  важные требования по обеспечению работоспособности основных параметров при заданном 

ресурсе с необходимыми возможными паузами установленной продолжительности; подачи компонентов топ-

лива требуемого расхода и давления на всех режимах работы двигателя; высокой степени надежности с при-

емлемым КПД всего агрегата; высоким антикавитационным характеристикам насоса на всех режимах.  
В данной статье авторы обобщают последние результаты исследования кавитации в турбонасосных агрега-

тах ЖРД, а также применимые к ним исследования в области гидравлики. Рассмотрены проблемы кавитации 

в криогенных жидкостях, моделирование срывной характеристики, применение различных моделей к модели-
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рованию кавитационного потока. Решение данных проблем моделирования течения рассматривалось относи-
тельно применяемости к следующим элементам конструкции агрегатов ЖРД: межлопаточного пространства 

шнекоцентробежного основного и бустерных насосов, осевого преднасоса. Особое внимание уделено реализа-

ции различных численных методов, основанных на использовании различных моделей кавитации, вычислитель-
ной гидрогазодинамики в различных CFD пакетах, а также сравнении результатов с модельными. Авторы 

делают выводы о возможности применения данных методов к решению вопросов исследования явления кави-

тации в ЖРД. 

 

Ключевые слова: кавитация, ТНА, ЖРД, CFD моделирование. 
 

Introduction. Cavitation in hydrodynamics is a spe-

cial case of liquid boiling (phase transition of a liquid into 

a gas inside a liquid at a certain temperature and pres-

sure), which occurs in moving liquid due to local pressure 

reductions to the level of saturated steam pressure. In hy-

drodynamics the phenomenon of cavitation plays a nega-

tive role as it causes  violation of medium homogeneity. 

As a result, there may be bubbles in the flow that break 

when in contact with the blades, which can lead to a hy-

draulic shock that destroys the blades. It is important to 

take into account that the cavities connecting the units, 

movable parts of pumps and turbines, supply pipelines are 

elements of a complex spatial structure, geometry of 

which also affects the flow. In the working parts of the 

pump, the pressure reduction inside the flow part is con-

nected with the streamlining of the blade profiles, where, 

as with the streamlining of any profile, a cavity of re-

duced pressure is formed at the inlet from the rear (non-

working) side. This region of minimum pressure is the 

region of cavitation origin. The higher velocity of the 

flow, flowing around the blade is, the greater will be the 

discharge on the blade. Therefore, the most distant point 

from the axis of rotation of the blade leading edge may be 

the generation center of cavitation. Cavitation during 

TNA LRE operation can lead to three main negative con-

sequences: 

a) failure of TNA operation modes, i.e. sharp decrease 

of main output parameters – head, flow rate and, as a re-

sult, efficiency; 

b) to the collapse of steam cavitation bubbles in the 

area of the blades, accompanied by strong blows, helps to 

destruct the blades of the machine impeller – erosion de-

struction. This phenomenon is usually manifested during 

long-term operation in cavitation mode, during the opera-

tion of the TNA LRE; 

c) to occurrence of low-frequency self-oscillations due 

to possible unstable operation of TNA LRE [1]. 

To determine cavitation conditions in theoretical and 

experimental studies, the following non-dimensional pa-

rameter is used: 
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,                                 (1) 

where p is flow pressure (for example, the input pressure), 

vp  is the saturated vapor pressure for the liquid, denomi-

nator is the dynamic pressure. This coefficient represents 

the pressure difference at a point of the body and in an 

undisturbed fluid at a certain distance from it and is pro-

portional to the square of the velocity of the relative mo-

tion. The definition of the main condition for reducing the 

pressure to the minimum at which cavitation begins is 

also derived from it. 

In 1917 Lord Rayleigh published the article “On the 

pressure, developing in a liquid when a spherical cavity” 

[2]. Rayleigh used the formulation of the problem on an 

empty cavity in a homogeneous liquid at constant pres-

sure at infinity, proposed by Besant in 1859: “An infi-

nitely large mass of a forced homogeneous incompressi-

ble fluid is at rest. The liquid inside a certain spherical 

surface instantly disappears. It is required to find the in-

stantaneous change in pressure at any point of the liquid 

and the filling time of the cavity, assuming that the pres-

sure at infinity is constant”. The solution to this problem 

is based on the complete transformation of the work done 

by the mass when the cavity collapses into kinetic energy. 

The resulting equation: 
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where p is the pressure at infinity, R is the bubble radius, 

ρ is the density of the fluid around the cavity, TR  and 

TTR  are the derivatives of the radius with respect to time. 

There is also a version of the Rayleigh equation for a gas-

filled bubble, in which the condition is accepted that the 

gas does not exchange heat with the liquid, which means 

that its state is described by the Poisson pV 
= const: 
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where κ is the polytropic index, 0P  is the atmospheric gas 

pressure in the bubble, and 0R  is the atmospheric radius 

of the bubble. Note that equations (1) and (2) do not take 

into account the influence of the gas cavity contents, sur-

face tension, viscosity, and compressibility. Also, for 

these equations, it is assumed that the pressure at the dis-

tance from the bubble is also constant. At the moment, 

various generalizations of the Rayleigh equation are used 

to solve hydrodynamic problems. 

Currently, significant work has been carried out on the 

study of the Rayleigh-Plesset model applicability for solv-

ing the problems of cavitation flow modeling in the chan-

nels of the LRE pumps. The Rayleigh-Plesset equation 

provides the basis for the flow equation that controls 

steam formation and condensation. The Rayleigh-Plesset 

equation describing the growth of a gas bubble in liquid is 

derived from the equations of moments: 
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where BR  represents the bubble radius, vp  is the pres-

sure in the bubble (it is assumed that this is the vapor 

pressure at the liquid temperature), p is the pressure in the 

liquid surrounding the bubble, f is the liquid density, 

and σ is the coefficient of surface tension between the 

liquid and the vapor. In the practices of cavitation flows 

modeling with various software packages simplified 

modifications of the Rayleigh-Plesset equation are usually 

used. For example, in the ANSYS CFX package, the sec-

ond-order terms (which are suitable for low vibration fre-

quencies) and surface tension are neglected [3]. 

In addition to numerical studies of cavitation flows in 

the pump, general solutions of the Rayleigh and Rayleigh-

Plesset equations were obtained in [4] and [5], respec-

tively. 

Modern approaches to modeling the cavitation 

flow. Let us consider the approaches used for modeling 

the cavitation flow in pumps applied in various areas of 

hydraulic engineering. The main attention will be paid to 

a representative comparison with real tests with reference 

to the used cavitation models. Over the past several dec-

ades due to the growth of computational capacities many 

tests have been carried out the results of which allow to 

select the most suitable cavitation model for modeling the 

flow in the pump TNA LRE. 

In [6] the authors consider the possibility of applying 

the Rayleigh-Plesset model to modeling the flow of cryo-

genic components. Since this work was carried out di-

rectly in application to the TNA LRE unit, it is also nec-

essary to highlight the following comments and assump-

tions given by the authors: 

– lack of consideration of thermal effects affecting the 

development of the cavity,  development of which accord-

ing to [6] is currently underway; 

– insufficient amount of empirical data on cryogenic 

fluids; 

– calculation used a model with three interscapular 

channels. 

The work was carried out in the ANSYS CFX envi-

ronment. Importantly, in addition to the cavitation equa-

tion discussed above, the ANSYS CFX model also in-

cludes a k-ω turbulence model, which also affects the 

numerical simulation results. Comparison in the article is 

based on the total volume of cavitation cavities. In con-

trast to the results discussed further, the text only men-

tions the results of full-scale tests of the screw, but no 

numerical data or percentage comparison is given. How-

ever, the authors note that despite the fact that heat effects 

are not taken into account in the Rayleigh – Plesset for-

mula, good convergence of the data was obtained from 

numerical modeling. Also, the authors carried out a nu-

merical simulation of the cavitation flow with an im-

proved screw. 

In [7] a technique for modeling a stalling cavitation 

flow in a booster turbopump unit is considered. In this 

article construction of a cavitation model is also based on 

the application of the Rayleigh-Plesset model. The work, 

as well as [4], was carried out in the ANSYS environ-

ment. The authors considered the method of setting the 

parameters for constructing computational grid, setting 

initial conditions, and also compared the results obtained 

for models with and without a gap, as well as with field 

tests. The discrepancy with the model test for the model 

with a gap in the case of calculating the cavitation head-

room was about 15 %, without a gap – 10 %. However, 

the clearance model showed better head convergence with 

the model tests. Also, the model without a gap does not 

take into account the vortex component of the flow. The 

authors conclude that the model with a gap is more appli-

cable to modeling cavitation flow than without it. 

Articles [8–12] were also considered in [7], where the 

authors compared the results obtained with the results  

of the authors of [8–12], however, it also seems necessary 

to consider cavitation models applicable in them and  

the authors' conclusions about the possible reasons for the 

discrepancies in the modeling results and model tests. 

In the article [8], the authors consider development 

and application of numerical methods for cavitation mod-

eling. The work was carried out in the CFX TASC flow 

2.12 software environment. Currently the developers of 

this software environment are part of ANSYS. The con-

structed model was compared with the results obtained in 

model tests of the National Graduate School of Arts and 

Crafts. In the preface, the authors note that for flows with 

large accelerations, it is necessary to use a solution 

method based on solving the conservation equations for 

each of the phases and used in the development of non-

equilibrium conditions for the exchange of heat, mass, 

momentum between phases. Moreover, the models will 

contain certain assumptions. The model used by the au-

thors in [8] is based on the use of a non-equilibrium ap-

proximation in order to reduce the number of equations to 

be solved. According to the simulation data, in compari-

son with the real experiment, the results of the numerical 

model converge agree with the indicators of the ratio of 

expenses (current to nominal) from 0.91 to 1.09. In this 

work, a simplified Rayleigh – Plesset equation was used, 

which is similar to the equation used in the ANSYS CFX 

software environment. 

The article [9] also discusses the problem of cavitation 

numerical simulation. The authors emphasize that at the 

time of 2003 the problem of flow optimization by reduc-

ing cavitation was rarely used and mainly suggested op-

timizing the flow angle at the pump input. This article 

discusses several software packages CFX-Tascflow, 

FLUENT and STAR-CD. FLUENT, like CFX-Tascflow, 

is currently part of the ANSYS package and allows the 

use of Zwart-Gerber-Belamri, Schnerr and Sauer and 

Singhal et al. The STAR-CD package is also in produc-

tion today and uses the Rayleigh-Plesset cavitation model. 

At the time of this article writing, none of them take into 

account three-dimensional turbulent flow and viscosity 

effect. Based on the simulation results, the authors note 

that of the three selected programs, CFX-Tascflow shows 

the most accurate results in comparison with the model 

test. Also, the most accurate results obtained in CFX-

Tascflow were compared with a simplified method based 

on the use of the initial shape of the cavitation cavity. 

This model is described in detail in [9]. Both methods are 

good at predicting the starting level and the percentage of 

head drop. Based on the comparison results, the authors 
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conclude that none of the proposed software packages at 

the time of 2003 justifies the time spent on the calcula-

tion, as compared to the achieved level of accuracy. How-

ever, CFX-Tascflow simulation data remains relatively 

accurate. 

Article [10] addresses the issues of cavitation model-

ing in a diagonal centrifugal pump. In the article the au-

thors employ the commercial package ANSYS CFX and 

clarify that they use the ANSYS CFX model without 

changes, that is, a model based on the VOF (volume of 

fluid) method. The aim of the study was to test the appli-

cability of this commercial package as part of a standard 

engineering study. In terms of building a spatial model 

and a method of breaking it up into elements, the authors 

note that the hexahedral mesh is preferable to the tetrahe-

dral one when modeling flows in turbopump units. Also 

in the model moving and stationary parts of the mesh are 

connected using the frozen-rotor interface. As in the work 

of previous authors, the studies also consider cavitation at 

higher, equal or lower than the nominal pump flow rate. 

In comparison with real tests the authors note that cavita-

tion in the model begins with a lower number of cavita-

tions and pressure drop is steeper. They attribute this to 

the lack of accounting for instability in the numerical 

model used. Under overload conditions at a flow rate  

of 1.25 of the nominal flow rate, the model showed the 

results that are closest to the real experiment. Analyzing 

the data obtained, the authors confirm that the model built 

in ANSYS CFX shows accurate results in terms of dis-

playing the position, size of the cavitation cavity, and also 

emphasize the importance of using meshes based on 

hexahedral elements. 

In the article [11], the authors consider numerical 

simulation of cavitating flow performed according to the 

standard model built into ANSYS CFX. The authors com-

pared the results of numerical simulation with the stan-

dard model used in ANSYS CFX, as well as with the 

model with a modified k-ω turbulence model, which takes 

into account the cavity compressibility in the cavitation 

flow. Also, the Schnerr-Sauer cavitation model is used for 

the modified k-ω turbulence model. The comparison was 

also carried out with real model tests and showed that, 

despite discrepancies between the real cavitation curve 

and the one built on the basis of numerical simulation, the 

modified k-ω model gives results that are closer to real 

data. However, at a higher flow rate the pressure drop 

curves obtained using the two models have practically no 

differences. Apart from that, in comparison with model 

tests cavitation occurs with a lower number of cavitations 

and the total head is higher in both numerical models. The 

high head is explained by the imperfection of the model 

and the lack of accounting for flow losses that inevitably 

arise during the real pump operating. Based on the com-

parison results, the authors concluded that the use of the 

Schnerr-Sauer model can improve the accuracy of cavita-

tion flow modeling. 

In the article [12], the authors analyze the effect of 

cavitation flows on screws with different blade geometry. 

A number of studies have been carried out for each of the 

three geometry options. In their work, the authors used 

the Fluent software package. In the mass transfer model, 

the cavitation rate is also based on the simplified 

Rayleigh-Plesset model. Before working with pumps, the 

authors did preliminary work in terms of studying cavita-

tion, first in Venturi tubes, then in two-blade cascades and 

axial screws. The type of emerging cavitation and the 

development of cavitation during the test were determined 

for all of the above geometries. In terms of a more accu-

rate behavior of the flow characteristics, considering the 

comparison of the stable flow of model tests and numeri-

cal modeling: similar to previous studies, the numerical 

model shows the onset of cavitation at large cavitation 

numbers for all three pumps tested by the authors. The 

authors also note that the results are in good agreement. 

The factors influencing the discrepancies between model 

tests and numerical modeling, according to the authors' 

conclusions, are: modeling of only one interscapular 

channel and, as a consequence, the lack of consideration 

of interactions between the channels, in comparison with 

the real geometry of the model is ideal without defects 

and deviations, as well as a numerical model does not 

take into account the radial clearance. 

The article [13] presents the development and numeri-

cal simulation of cavitation flow based on a set of open 

source tools in OpenFOAMR, allowing the use of various 

cavitation models. The authors carried out work consider-

ing applicability of various cavitation models to the prob-

lem of cavitation flow modeling in the pump. In the arti-

cle, the authors reviewed 4 models: Kunz et al, Merkle et 

al., Schnerr-Sauer-Yuan and Zwart et al. As in all previ-

ous studies, a 3 % head drop due to cavitation was mod-

eled. Of the above models, the Zwart model first showed 

the best results on the airfoil and was then used to simu-

late cavitation flow. Comparison with model tests also 

showed high head values, but low values of the cavitation 

volume for the numerical model compared to the experi-

mental one. The authors explain this discrepancy by the 

fact that the material used to create the impeller has a low 

stiffness and could deform during a real experiment, 

which cannot be taken into account in the numerical 

model; pump operation in a numerical model. 

In article [14] the authors consider unsteady flow in 

the pump, as well as structural calculation of strength 

based on hydraulic calculation. Despite the fact that the 

main topic of this article is the analysis of the possibility 

of realizing the combination of interrelated strength and 

hydraulic calculations in the software package, the au-

thors also carried out research in the field of cavitation 

modeling. When carrying out hydraulic calculations, a 

comparison of model tests and a numerical model was 

also carried out. The authors used the Zwart – Gerber – 

Belamri model, also based on the simplified Rayleigh – 

Plesset model. This model was also used by the authors of 

the article [13]. The results presented by the authors show 

good agreement with model tests. The numerical model of 

cavitation shows the onset of stalling at large cavitation 

numbers, in comparison with model tests, at a pump flow 

rate equal to the nominal (1.0 Qd). Note that in this study, 

the values of the head during the real test and the results 

of the numerical model are close to each other. 

The article [15] considers pump impeller optimization 

in order to increase productivity. The work was carried 



 

 
 

Авиационная и ракетно-космическая техника 
 

 421

out using the CFturbo 9.0 software. Despite the fact that 

the main topic of this article is the pump efficiency in-

crease, the authors also carried out tests in terms of de-

termining the cavitation characteristics. Prior to present-

ing test results with already optimized geometry, the au-

thors also compared numerical and model tests results. 

Provided that a two-phase vapor-liquid model is used with 

a k-ε turbulence model and a constant mass fraction of 

gas, based on the already Rayleigh-Plesset equation, the 

numerical simulation data give almost identical results in 

comparison with model tests. 

Conclusion. Having considered all the above works 

along with conclusions made by the authors, it is possible 

to define a number of factors that affect the accuracy of 

cavitation modeling in software packages, which must be 

taken into account: 

– to increase the simulation accuracy it is necessary to 

take into account the working fluid leaks during the op-

eration of the TNA pump; 

– it is important to take into account the clearance be-

tween the blades and the casing wall in geometric models; 

– when choosing a numerical model, it is necessary to 

consider both the model of cavitation and turbulence. 

In summary, the results of [13] and [14] show good 

convergence of the numerical model and real experiment, 

which allows to conclude that the Zwart – Gerber – Be-

lamri model, also based on the Rayleigh – Plesset model, 

is more applicable for cavitation flow simulating in a 

pump. This line of research is relevant, but insufficiently 

developed for application in engineering calculation 

methods and design of TNA LRE, especially for obtain-

ing numerous options for more advanced designs at the 

initial stages of new models of rocket engines develop-

ment. 
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A system of waveguide paths is a complex structure of various elements with various geometries. Induction solder-

ing based on the induction heating method is one of the promising methods for waveguides fabricating. Induction sol-

dering of waveguide paths has a number of technological features: the melting temperature of the base material AD31 

(695–663 0C) slightly differs from the melting temperature of St. AK12 solder (577–580 0C) at an average induction 

heating rate of 20–25 0C / sec; a wide variety of standard sizes of waveguide paths elements complicates the develop-

ment and subsequent reproduction of technological parameters of the induction soldering process; zones of maximum 

heating of waveguide paths elements do not coincide with zones of soldering. Therefore, to solve the problems of con-

trolling the waveguides soldering process, it is necessary to simulate this process.  The paper deals with the problem of 

simulating the process of heating a waveguide during induction soldering. Requirements for the process model have 

been formed. The model is built on the basis of the differential heat conduction equation. The formed model require-

ments take into account the geometric parameters of waveguides, the physical parameters of materials, the initial and 

boundary conditions, as well as the uneven distribution of eddy current density in the waveguide. It is proposed to use 

the finite difference method for the numerical solution of the heat conduction equation. The process of calculating the 

temperature at the grid nodes is shown. The authors propose a two-stage solution. At the first stage, at an intermediate 

time step, the temperature at the grid nodes along the X axis is calculated. At the second stage, the temperature at the 

grid nodes along the Y axis is calculated. The numerical solution of the difference equations along the X and Y axes is 

carried out by the sweep method. An algorithm for the numerical solution of the heat conduction equation has been 

developed. 

 

Keywords: waveguide path, induction soldering, model of the waveguide heating process, differential heat conduc-

tion equation, finite difference method. 
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ИЗ АЛЮМИНИЕВЫХ СПЛАВОВ 
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Система волноводных трактов представляет собой сложную конструкцию из различных элементов с раз-
нообразной геометрией. Одним из перспективных способов изготовления волноводов является индукционная 
пайка, основанная на методе индукционного нагрева. Индукционная пайка волноводных трактов обладает  

рядом технологических особенностей: относительно небольшая разница температуры плавления основного 

материла АД31 (695–663 0С) и припоя Св. АК12 (577–580 0С) при средней скорости индукционного нагрева  

20–25 0С/сек; большое разнообразие типоразмеров элементов волноводных трактов представляет сложность 
при отработке и последующем воспроизведении технологических параметров процесса индукционной пайки; 

зоны максимального нагрева элементов волноводных трактов не совпадают с зонами пайки. Поэтому для ре-
шения задач управления процессом пайки волноводов необходимо провести моделирование данного процесса.  
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В статье рассмотрена задача моделирования процесса нагрева волновода при индукционной пайке. Сформиро-

ваны требования к модели. Модель строится на основе дифференциального уравнения теплопроводности. 

Сформированные требования к модели учитывают геометрические параметры волноводов, физические пара-

метры материалов, начальные и граничные условия, а также неравномерное распределение плотности вихре-
вого тока в волноводе. Предлагается для численного решения уравнения теплопроводности использовать  
метод конечных разностей. Показан процесс расчета температуры в узлах сетки. Решение осуществляется  
в два этапа. На первом этапе на промежуточном временном шаге проводится  расчет температуры в узлах 
сетки по оси X, на втором этапе вычисляется температура в узлах сетки по оси Y. Численное решение разно-

стных уравнений по оси X и Y осуществляется методом прогонки. Разработан алгоритм численного решения 
уравнения теплопроводности. 

 
Ключевые слова: волноводный тракт, индукционная пайка, модель процесса нагрева волновода, дифферен-

циальное уравнение теплопроводности, метод конечных разностей. 

 
Introduction. Systems of waveguide paths are widely 

used in spacecraft to ensure their functioning and trans-

mission of electromagnetic energy in them [1]. 

A system of waveguide paths is a complex structure of 

various elements with various geometries (fig. 1). 

Various methods are used to connect the structural 

elements of waveguide paths: argon-arc welding, solder-

ing in salt baths, soldering using a laser source [2–5]. 

Induction soldering is one of the promising methods 

for waveguide paths fabricating [1; 3]. 

Induction soldering provides contactless, fast and lo-

cal heating of the soldering point. It reduces the oxidation 

of current-carrying surfaces and waveguide warping. The 

equipment providing induction heating is rather compact 

and easily controlled, which allows automated controlling 

the soldering process [6]. 

However, induction soldering of waveguide paths has 

a number of features [7]: 

1. The melting temperature of the base material AD31 

(695–663 0C) slightly differs from the melting tempera-

ture of St. AK12 solder (577–580 0C) at an average induc-

tion heating rate of 20–25 0C / sec. 

2. A wide variety of standard sizes of waveguide paths 

elements complicates the development and subsequent 

reproduction of technological parameters of the induction 

soldering process. 

3. Zones of maximum heating of the waveguide paths 

elements do not coincide with zones of soldering. 

Therefore, it is necessary to simulate the process  

of heating the waveguide before setting the problem  

of controlling the process of waveguide paths induction 

soldering. 

 

 

 
Fig. 1. An example of a section of a waveguide distribution system:  

a – a direct element; b – a curved element with a variable radius of curvature;  

c – a curved element with a constant radius of curvature; d – a coupling; e – a flange;  

f – a flexible section; g – an intermediate support 

 

Рис. 1. Пример участка волноводно-распределительной системы:  

а – прямой элемент; б – криволинейный элемент с переменным радиусом кривизны;  

в – криволинейный элемент с постоянным радиусом кривизны; г – соединительная муфта;  
д – фланец; е – гибкая секция; ж – промежуточная опора 

 

 

      a        b            c  d        e            f          g 
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а    б 

 

Fig. 2. The researched system “inductor – waveguide”:  
1 – a waveguide pipe; 2 – a flange; 3 – an inductor 

 

Рис. 2. Исследуемая система «индуктор – волновод»:  
1 – волноводная труба; 2 – фланец; 3 – индуктор 

 

 

Construction of a waveguide heating model. The 

connection of the straight section of the waveguide tube 

and the flange was chosen as a typical object for consider-

ing the process of induction heating (fig. 2).  

The inductor (without considering the power part of 

the induction equipment) is a ring made of copper (fig. 2). 

The inductor is a source of alternating magnetic field, 

which forms eddy currents flowing in the waveguide. The 

calculation of a simplified two-dimensional waveguide-

inductor circuit showed that the eddy currents in the 

waveguide are unevenly distributed [8–10]. 

Based on the above, it is possible to construct a 

mathematical model of heating the waveguide path during 

induction soldering, taking into account the following 

assumptions: 

– the spatial configuration of the system allows  

us to restrict ourselves to a simplified two-dimensional 

model; 

– a general model can be used to simulate a pipe-

flange system, since the waveguide elements can be rep-

resented by plates in a simplified form. 

For a generalized model of thermal processes occur-

ring during induction soldering of waveguide paths, we 

take the differential equation of heat conduction [11]. 

Since the heating of the waveguide is due to eddy currents 

flowing in it, a permanent heat source is added to the for-

mula: 

( , , )T x y t

t





 

2 2

2 2

( , , ) ( , , )
( , , )

T x y t T x y t
a q x y t

x y

  
      

,     (1) 

where a  is the coefficient of thermal diffusivity of the 

material; T is temperature; t is time; x, y are Cartesian 

coordinates; q(x, y, t) is a permanent source of heat. 

Equation (1) describes a variety of options for the 

waveguide heating process flow. Therefore, in order to 

simulate the thermal processes occurring during induction 

soldering, it is necessary to add single-valued conditions 

to equation (1). Single-valued conditions may contain 

geometric, physical, initial and boundary conditions. 

These conditions are as follows: 

– a simplified geometric two-dimensional model of 

the waveguide is adopted, shown in fig. 3; 

– eddy currents are supposed to flow over the surface 

of the waveguide [12]; 

– it is taken into account that the eddy current density 

is distributed unevenly due to the shape of the waveguide 

and the location of the inductor relative to the waveguide 

[12]; 

– thermophysical characteristics of the waveguide ma-

terial are constant; 

– the initial temperature of the waveguide is the same 

along its entire length: 
 

T(x,y) = Ti = const; 
 

– heat exchange with the environment (Newton’s 

boundary condition) is carried out by the inner and outer 

surface of the pipe: 

( , , )
( ( , , ) )

T x y t
a b T x y t Ten

x


 


, 

where b is the heat exchange coefficient; Ten is the  

temperature of the environment; 0 ≤ x ≤ lp (inner side);  

0 ≤ x ≤ lp – hf  (outer side);  
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Fig. 3. A simplified geometric model of the waveguide:  
lp – length of a pipe; hp – width of a pipe; hf – width of a flange; lf – length of a flange 

 

Рис. 3. Упрощенная геометрическая модель волновода: 
 lТ – длина трубы; hТ – ширина трубы; hf – ширина фланца; lf – длина фланца 

 

 

 

 
 

Fig. 4. A difference mesh of the solution domain 

 

Рис. 4. Разностная сетка области решения 

 

 

– heat exchange with the environment is carried out by 

the upper and side faces of the flange.  

For the upper face: 

( , , )
( ( , , ) )

T x y t
a b T x y t Ten

y


 


, 

where hp  ≤ y ≤ hp  + lf. 
For the side face: 

( , , )
( ( , , ) )

T x y t
a b T x y t Ten

x


 


, 

where lp – hf   ≤ x  ≤ lp; 

– heating power remains constant ( , , ) constq x y t  ; 

– heat exchange between the pipe and the flange is as-

sumed to be zero. 

For the numerical solution of equation (1), we apply 

the finite difference method [13–15]. Let us consider  

the method applied to a waveguide tube. 

To approximate equation (1) by the finite difference 

method, we represent the pipe as a set of nodes with  

coordinates (fig. 4): xi = i·hx, yi = j·hy, tk = kτ, where  

hx, hy is the step along the coordinate grid x, y; τ is the 

time step. 
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Let us sample equation (1) in two stages. At the first 

stage, at an intermediate time step τ / 2, we carry out 

sampling along the X axis; at the second stage, we carry 

out sampling along the Y axis. We obtain equation (1) in 

the difference form [15]: 

1 111
2 222 1

21, -1,

2

2

2

k kkk k
kijij ij i j i j

ij

x

T T TT T
a q

t h

 


       
 

,      (2) 

 

1
21 1 1 1

, , , 1 , , -1 1
,2

2

2

kk k k k
i j i j i j i j i j k

i j

x

T T T T T
a q

t h

   
 

   
  
 
 

,      (3) 

where ( , , )k
ij i j kT T x y t ; , ( , , )k

i j i j kq q x y t . 

Solving first equation (2), and then equation (3), we 

determine the temperature field at a whole time step. 

Approximation of the boundary conditions for a pipe 

is as follows: 

, 1 ,

,( )

k k
i j i j k

i j

y

T T
a b T Ten

h

 
  , if 0 ≤ i ≤ Nx, j = 0, 

 

, 1 ,

,( )

k k
i j i j k

i j

y

T T
a b T Ten

h

 
  , if 0 ≤ i ≤ Nx, j = Ny. 

The sweep method [14] is suitable for solving differ-

ence equations (2) and (3). Let us consider this method 

using the example of solving equation (2). We transform 

the equation (2) [14]: 

1 11 1
2 22 2 1

2, , 1, 1, ,2
,2 2 2

2 2

k kk k k
ki j i j i j i j i j

i j

x x x

T TT T T
a a a q

h h h

  
 

 
        
 

. 

Then 
 

1 11 1
2 22 2

, , ,1, 1,2 2 2
2 2

1 2 1k kk kk
i j i j i ji j i j

x x x

q a a
T T T T q

h h h

  
  

 
      

 
. 

 

Hence we get 

1 11 1
2 22 2

, ,1, 1,

k kk k

i i j i i i i ji j i ja T b T c T d q
  

     ,  (4) 

where  

,2 2
2 2

1 2 1
; ; k

i i i i i j

x x

q q
a b c d T

h h 
     . 

 

For the boundary points 0 and Nx, we write equation 

(4) in the following form: 

1 1
2 2

0 0 , 00,

k k

i jja T b T d
 

  ,   (5) 

 

1 1
2 2

, 1,

k k

N N j N NN ja T c T d
 

  .                     (6) 
 

The sweep algorithm begins by writing equation (5) in 

the form: 

1 1
2 2

0 , 00,

k k

i jjT P T Q
 

  ,   (7) 

where 0 0
0 0

0 0

,
b d

P Q
a a

   are determined by the initial 

and boundary conditions of the simulation. 

We substitute relation (7) into (4) for i = 0. Continuing 

the process of sequential substitution 
1
2

,

k

i jT


can be ex-

pressed through 
1
2

1,

k

i jT


 : 

11
22

, 1,

kk

i j i ii jT PT Q


  ,   (8) 

where Pi и Qi are new coefficients obtained during  

the substitution process. Using expressions (8) and (4), 
we can obtain formulas for calculating Pi и Qi: 

i
i

i i i

b
P

a c P



,    (9) 

1

1

i i i
i

i i i

d c Q
Q

a c P









.                 (10) 

When calculating 
xNP and 

xNQ  we get that 
xNP = 0, 

xNb = 0. Therefore, 
xNT will be equal to 

xNQ . Having 

calculated NT  in this way, one can start the backward-

sweep process to obtain TN–1, TN–2, …, T2, T1, T0 [9]. 

1 1
2 2

1 11 1,

k k

i ii i jT P T Q
 

    .             (11)  

Based on the above, we can formulate a solution algo-

rithm: 

1. We calculate P0 and Q0, the coefficients a0, b0, d0 

are determined using the initial and boundary conditions. 

2. We calculate Pi and Qi for i = 1, 2, …, Nx,  using 

expressions (9) and (10). 

3. We suppose TN = QN. 

4. We substitute TN into formula (11) and determine 

TN–1,  TN–2, …, T2,  T1,  T0. 

The algorithm for solving equation (3) is similar. The 

coefficients included in equation (3) will take the follow-

ing form: 
1
2

,2 2
2 2

1 1
, ,

k

i i i i i j

y y

a a
a b c d T

h h



 
     . 

The sweep will be carried out on index j. 

The Elcut software package was used to calculate the 

eddy current density distribution in the waveguide pipe 

and flange. The results confirm the previously accepted 

assumptions when setting the simulation problem. Fig. 5 

and 6 show that the eddy current density increases sharply 

on the corner surfaces of the pipe and the waveguide 

flange. In addition, in fig. 5 the eddy current density de-

creases sharply in the thickness of the pipe and flange 

walls. Eddy current flow areas are well localized (fig. 6). 

Fig. 7 shows the results of heating the waveguide ac-

cording to the proposed model. 

To check the simulation results, the temperature 

change at control points 1 and 2 was taken (fig. 7). The 

control points coincide with the points of temperature 

measurement during the process of heating the waveguide 

using induction equipment [16; 17]. 

As it can be seen from fig. 8 and 9, the simulation re-

sults quite accurately describe the process of the 

waveguide elements heating. Consequently, this model 

can be used to simulate an automated control system for 

soldering waveguide paths and analyzing control algo-

rithms.  
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а    b 
 

Fig. 5. The distribution of pipe eddy current density for the size 35×15 mm:  
a – in the large side of the pipe; b – in the thickness of the pipe 

 

Рис. 5. Распределение плотности вихревого тока трубы для типоразмера 35×15 мм:  
а – по большой стороне трубы; б – по толщине трубы 

 

 

 
 

Fig. 6. The distribution of eddy current density in the “inductor – waveguide” system for the size 35×15 mm 

 

Рис. 6. Распределение плотности вихревого тока в системе «индуктор – волновод» для типоразмера 35×15 мм 

 

 

 
 

Fig. 7. Temperature fields of the waveguide during induction heating 

 

Рис. 7. Температурные поля волновода при индукционном нагреве 
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Fig. 8. Heating of the 35 × 15 waveguide pipe:  
1 – calculated values; 2 – measured data 

 

Рис. 8. Нагрев трубы волновода типоразмера 35 × 15:  
1 – расчетные значения; 2 – измеренные данные 

 

 

 
 

Fig. 9. Heating of the 35 × 15 waveguide flange:  
1 – calculated values; 2 – measured data 

 

Рис. 9. Нагрев фланца волновода типоразмера 35 × 15:  
1 – расчетные значения; 2 – измеренные данные 

 

 

Conclusion. 1. The process of induction soldering of 

waveguide paths has a number of features, which compli-

cates the selection of process parameters for various types 

of waveguide paths and process control and suggests the 

need to simulate the heating of waveguides based on the 

differential equation of heat conduction. 

2. To simulate the process of the pipe and the 

waveguide flange heating, it is most expedient to use the 

finite difference method. 
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POINT DEFECTS IN NEMATIC LIQUID CRYSTAL MATERIALS WITH CONICAL ANCHORING  

AT THE INTERFACE 
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The topological point defects in nematic liquid crystal materials have been studied. The method of oblique light in-

cidence has been proposed to determine an azimuthal director angle of an achiral nematic as well as a chiral nematic 

(cholesteric). The idea of the method is based on the dependence of the optical phase difference between ordinary and 

extraordinary light beams on the azimuthal director angle at the layer center at oblique incidence of light on a structure 

in which the polar director angle of a nematic liquid crystal is not equal to 0° or 90° (conical boundary conditions).  

It has been shown that the phase difference reaches a maximum at a zero azimuthal angle at the center of the layer re-

gardless of the total twist angle of the director. The developed method has been used to analyze topological defects 

formed in the nematic and cholesteric layers under conical boundary conditions at the interface. The director field  

distributions of nematic and cholesteric near the surface point defects (boojums) with topological charges m = +1  

and m = –1 have been drawn based on the experimental data. The proposed method of oblique light incidence can  

be used to analyze a wide class of the achiral and chiral liquid crystal media of various types: smectics, nematics,  

and cholesterics with tilted or hybrid boundary conditions. 

 

Keywords: topological defect, orientational structure, nematic liquid crystal, optical phase difference. 
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С КОНИЧЕСКИМ СЦЕПЛЕНИЕМ НА ГРАНИЦЕ РАЗДЕЛА 
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Исследованы топологические точечные дефекты в нематических жидкокристаллических материалах. 
Предложен метод наклонного падения света, позволяющий определять азимутальный угол директора ахи-

рального нематика, а также закрученного нематика (холестерика). Суть метода состоит в том, что при 

наклонном падении света на структуру с отличным от 0° и 90° полярным углом директора нематического 

жидкого кристалла (конические граничные условия) оптическая разность фаз, возникающая между обыкно-

венным и необыкновенным лучами, определяется величиной азимутального угла директора в центре слоя.  
Показано, что максимальное значение разности фаз достигается при нулевом азимутальном угле в центре 
слоя независимо от полного угла закрутки директора. Разработанный метод был использован для анализа  

топологических дефектов, формирующихся в слоях нематика и холестерика с коническими граничными усло-
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виями на межфазной границе. На основании полученных экспериментальных данных были построены распре-
деления поля директора нематика и холестерика вблизи поверхностных точечных дефектов (буджумов) с то-

пологическими зарядами m = +1 и m = –1. Полученные результаты интересны для исследований структуриро-

ванных материалов, анализа оптическими методами дефектов структур, а предложенный метод наклонного 

падения света может использоваться для анализа широкого класса ахиральных и хиральных жидкокристалли-

ческих сред различного типа: смектиков, нематиков и холестериков с наклонными или гибридными граничны-

ми условиями. 

 

Ключевые слова: топологический дефект, ориентационная структура, нематический жидкий кристалл, 
оптическая разность фаз. 

 

Introduction. Liquid crystals (LC) are anisotropic 

liquids with long-range orientational order of molecules. 

The orientation of LC molecules is characterized by the 

director n, which is a unit vector oriented along the pre-

ferred orientation of the long axes of the molecules [1].  

A rich variety of forming configurations of the director's 

field is possible in an LC, depending on the boundary 

conditions (preferred orientation of the director at the 

interface), material parameters of the LC (elasticity con-

stants, helix pitch), external electric or magnetic fields 

[2]. In this case, defects can be formed in the system, 

where significant distortions of the director field are ob-

served. And vice versa, upon induction of strong distor-

tions in the volume, for example, by magnetic (electric) 

fields or introduction of microparticles into the LC, topo-

logical defects are formed. The resulting distortions of the 

director field facilitate interaction between defects and 

particles which can be found in the effects of self-

ordering of defects [3–5], colloidal [6; 7] and magnetic 

[8] particles, makes it possible to control the position of 

microparticles [9], and determines the group motion of 

defects in external electric field [10]. Thus, topological 

defects are an important feature that significantly affects 

the main characteristics of liquid crystal materials (opti-

cal, electro-optical, dynamic) which determine their pros-

pects for various applications in modern information 

technologies. 

Point bulk (hedgehogs) [11; 12] and surface (boo-

jums) [13] defects, linear defects [14] and two-

dimensional defects (walls) [2] can be formed in nematic 

LC. In the case of twisted nematic with the ratio d / p ≈ 1 

of the layer thickness d and the helix pitch p, soliton-like 

structures [15] or linear defects [16] can be formed in the 

system. The possibility of formation and stability of vari-

ous types of defects is determined by the boundary condi-

tions specified on the substrates. Thus, under degenerate 

tangential (planar) boundary conditions (the angle be-

tween the director and the normal to the surface is 90°),  

a schlieren texture is formed in the LC cell which consists 

of point and linear defects, the strength of which depends 

on the ratio of the LC elastic constants [17]. In the case of 

homeotropic anchoring (the angle between the director 

and the normal to the surface is 0°), there are initially no 

defects in the system, but the application of an electric 

field or a combination of electric and magnetic fields 

promote the formation of an ordered set of point defects 

[3], two-dimensional defects [2], or soliton-like structures 

in twisted nematic [15]. Under homeo-planar boundary 

conditions, the formation of point defects on a substrate 

with planar anchoring or a structure of domains with 

closed linear defects is possible in the system. 

Conical boundary conditions (the director is oriented 

to the surface normal at an angle other than 0° and 90°) 

are more suitable for the occurrence of defects. For exam-

ple, in a cell with a conical anchoring, point, linear, and 

two-dimensional defects are formed even when there are 

no external fields [18]. In the case of a twisted nematic 

with planar-conical anchoring, linear defects are formed 

[19] or domains bounded by a closed linear defect with a 

pair of point singularities [20]. At the same time, point 

defects in LC systems with conical anchoring have not 

been practically investigated to this date. 

This work presents for the first time the results of 

studying the structures of point defects formed in nematic 

and twisted nematic under conical boundary conditions on 

both substrates. 

Materials and methods. The studies were carried out 

for a nematic LN-396 mixture (Belarusian State Techno-

logical University) and LN-396 mixture doped with a left-

handed chiral addition of cholesteryl acetate (Sigma  

Aldrich). The concentration of cholesteryl acetate was  

0.2 % which determines the pitch of the cholesteric helix 

with a value of p = 72.5 μm [19]. The studies were carried 

out in LC cells consisting of two glass substrates assem-

bled in such a way that a gap is formed between them 

which is filled with a liquid crystal (fig. 1, a). Glass sub-

strates were coated by centrifugation with a poly(isobutyl 

methacrylate) film (Sigma Aldrich) which sets conical 

boundary conditions for the used nematic LN-396 with  

a polar angle θd/2 = 40 [21]. The thickness d of the LC 

layer was set with glass balls and was measured by the 

interference method until the cell was filled with a liquid 

crystal. LC cells were filled at room temperature and kept 

for at least 24 hours before to the study. The studies  

were carried out using a polarizing microscope (POM) 

AxioImager.M1m (CarlZeiss) with a 20x / 0.22 long-

focus objective in monochromatic light with a wavelength 

of λ = 546 nm. The refractive indices of LC LN-396  

n  = 1.528, n  = 1.741 (λ = 546 nm). 

Oblique incidence light method. It is convenient to 

describe the distribution of the director field in the cell 

using the polar θ (x, y, z) and azimuthal φ (x, y, z) angles 

(fig. 1, b). In this case, the n-director is described by the 

following equation: 
 

     
     
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sin , , cos , , ,

sin , , sin , , ,

cos , , .

x

y

z

n x y z x y z

n x y z x y z

n x y z

  
  










        (1) 

 

Generally, the angles θ and φ can vary both over the 

thickness of the LC layer and in the plane of substrates. 
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This is more typical for the LC areas near defects, and the 

nature of the change in the angles is determined by the 

type of defect. Conversely, the nature of the change in the 

angles in the vicinity of the defect can be used to deter-

mine its parameters. In the case of point defects in nemat-

ics, the method of fluorescence microscopy is used [22]. 

In the case of an tilted orientation of the director in the 

bulk which is realized under conical boundary conditions, 

it is convenient to use the method of oblique incidence of 

light proposed and described below in order to character-

ize defects. 

Consider a twisted nematic away from defects. In this 

case, we can assume that the polar angle of the director is 

constant and equal to the tilt angle of the director on sub-

strates θ (x, y, z) = θd/2 = θ–d/2, and the azimuthal angle  

φ (x, y) depends on the coordinate z linearly: 
 

     TOTAL
0, , , ,x y z x y z

d


            (2) 

 

where φ0(x, y) – azimuthal angle of the director at the 

center of the layer (at z = 0), φTOTAL is the difference  

between the azimuthal angles of the director on the upper 

(z = +d/2) and lower (z = –d/2) substrates (the total azi-

muthal angle of rotation of the director on the layer  

d-thickness). Consider the oblique incidence of the light 

beam on the LC layer in the xOz plane (fig. 1, b). The 

direction of the beam will be characterized by the unit 

vector k0(±sinα, 0, cosα), where the plus sign corresponds 

to the zero azimuthal angle for the vector k
0, the minus 

sign corresponds to the value of the azimuthal angle of the 

vector k
0 equal to π. When Mauguin condition [23] is 

fulfilled, we can assume that two linear waves propagate 

in such a twisted structure, the phase difference between 

which in the case of oblique light incidence at an angle α 

is determined as: 
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1 2

2 2 2 2
1 2
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n nd
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where z’ = z/d, cos(θ’) equals: 
 

    0 TOTAL
2

cos sin sin cos ,d x y z           
 

nk
0  

2

cos cos d
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 

.                         (4) 

 

Fig. 2 shows the dependences on the angle φ0(x, y)  

of the δ/d values calculated by equation (3) for several 

values of the total twist angle φTOTAL at an oblique  

incidence at an angle α = 5.33° (for the case shown  

in fig. 1, b), and polar angle θd/2 = 40°. It can be seen that 

one maximum is observed in the dependences only at the 

angle φ0(x, y) = 0°, and an increase in the angle φTOTAL 

leads to a slight decrease in the difference (δmax – δmin)/d 

from a value of approximately 0.43 rad/μm  

to 0.27 rad/μm for angles φTOTAL 0° and 180 °, respec-

tively. Such a difference in the phase differences observed 

for different azimuthal angles φ0 (x, y) can be easily fixed 

for the commonly used LC cell thicknesses of about  

10 μm. At the same time, the angle α used for calculation 

makes it easy to carry out observations with a polarizing 

microscope using a long-focus lens. The data presented  

in fig. 2 were obtained for positive angles φTOTAL (right-

handed cholesteric), while due to the symmetry of the 

structure relative to the center of the layer, identical  

results are obtained for negative angles φTOTAL (left-

handed cholesteric). 

The above results were obtained from the assumption 

that the polar angle of the θ-director is constant and there 

is a simple linear dependence of the azimuthal angle φ on 

the coordinate z. In general, these conditions may not be 

met. For example, in a twisted nematic structure with sig-

nificant pretilt angles of the director on substrates, the 

polar angle θ begins to depend on the z coordinate, while 

the dependence of the azimuthal angle of the director on 

the z coordinate deviates from the linear law [24]. Never-

theless, the results obtained for simple cases show that the 

maximum value of δ is reached at φ0(x, y) = 0° regardless 

of the values of the angle θd/2 and φTOTAL.  

 

 

 
 

a     b 

 

Fig. 1. Scheme of LC cell (a) and the coordinate system used to calculate  

the optical phase difference at oblique light incidence and the director  

field around the boojums (b) 

 
Рис. 1. Схематическое представление ЖК ячейки (a) и система координат,  
используемая для расчетов оптической разности фаз в случае наклонного  

падения света и поля директора вокруг буджумов (b) 
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Fig. 2. Dependences of the ratio δ/d on the angle φ0(x, y) calculated  

for some twist angles φTOTAL. The data have been calculated for the angles  

α = 5.33°, θ(x, y, z) = θd/2 = 40°, the wavelength λ = 546 nm and the refractive  

indices corresponding to LC LN-396 

 

Рис. 2. Зависимости отношения δ/d от угла φ0(x, y), рассчитанные  
для нескольких углов закрутки φTOTAL. Расчет сделан для углов α = 5,33°,  

θ(x, y, z) = θd/2 = 40°, длины волны света λ = 546 нм и показателей  

преломления, соответствующих ЖК ЛН-396 

 

 

Thus, this conclusion can be extended to the case of 

an inhomogeneous slope and an uneven twist angle in the 

case when the director distribution in the bulk is symmet-

ric about the center of the layer. It is this situation that is 

realized in LC cells under the same boundary conditions 

in the absence of external influences (for example, an 

electric field). Further, this method will be applied to ana-

lyze boojums that form in nematic and twisted nematic 

under conical boundary conditions. 

Boojums in nematic. In the absence of a given orien-

tation of the director on the substrates (degenerate tangen-

tial or conical boundary conditions), point defects on the 

surface (boojums) are formed in the system. Near  

boojums, the orientation of the director on the surface 

(plane z = d/2) can be described as [25] 
 

 
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              (5) 

 

where ζ is the angle in the polar coordinate system (fig. 1, b), 

m is the surface topological charge (strength) of the de-

fect, –π ≤ ξ < π is the twist angle of the boojum. The 

strength of the defect m and the angle ξ are used to clas-

sify boojums (as well as topological defects of other 

types), and, accordingly, the determination of these two 

parameters is sufficient to characterize the properties  

of topological defects. The LC cell has two substrates  

and the appearance of a boojum on one of the substrates 

(for example, the upper one at z = d/2) should be accom-

panied by the formation of a point defect on the second 

(lower one at z = –d/2) substrate. The identical distribu-

tion of the director near the boojums on the upper and 

lower substrates (escaped state) will correspond to the 

minimum of elastic energy. To determine the charge m, 

the sample is observed in the geometry of crossed linear 

polarizers (LP). In this case, extinction lines emerge from 

the defect, the number of which N is related to the charge 

of the defect by a simple relationship: N = |m|4 (fig. 3, a). 

The m sign can be determined by rotating the polarizers 

relative to the sample or by observing in circular polariz-

ers (CP). In the case of boojums with m = +1, the interfer-

ence pattern observed in the geometry of circular polariz-

ers near defects will have radial symmetry, while for boo-

jums with m = –1, due to the inequality of splay, band, 

and twist LC elastic constants, the interference pattern 

will have lower symmetry (fig. 3, b). In the case of a 

nematic, the total twist angle of the director is φTOTAL = 0; 

accordingly, the azimuthal angle of the director turns  

out to be independent of the coordinate z and is equal  

to φ0(x, y). Since in the vicinity of boojums the azimuthal 

angle of the director varies in the range –180 ° ≤ φ (x, y) =  

= mζ + ξ ≤ 180°, the twist angle ξ can be determined us-

ing the method of oblique incidence of light. In this case, 

when implementing the scheme shown in fig. 2 δmax  

is observed under the condition (mζ + ξ) = 0, and δmin 

corresponds to the condition (mζ + ξ) = π (–π). It is con-

venient to use circular polarizers for this method. 

The fig. 3 shows boojums with |m| = 1 which can be 

seen from observations in the geometry of crossed linear 

polarizers. When observed in the geometry of crossed 

circular polarizers, the observed interference pattern  

is determined only by the phase difference between  

the ordinary and extraordinary waves. It can be seen that 

the interference pattern in the vicinity of the boojums cor-

responds to the case when the phase difference increases 

from zero to δ > 4π as we move from the boojum to the 
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periphery, which fits well with the parameters of the LC 

cell with the LC layer thickness d = 14.6 μm and the di-

rector tilt angle θd/2 = 40°, for which the value δ = 4.17π  

is obtained from equation (3) at α = 0° and φTOTAL = 0. 

This corresponds to the situation described above, when 

the boojums on the upper and lower substrates are located 

opposite one another (escaped state). In the geometry  

of crossed linear polarizers from the boojum with m = +1 

(fig. 3, the first row) four extinction bands emerge parallel 

to the polarizers. When observed in circular polarizers, 

the interference pattern is symmetric in the case of normal 

incidence of light (α = 0°) (fig. 3, b, the first row). In the 

case of oblique incidence of light at an angle α = 5.33°, 

the symmetry of the interference pattern is broken (fig. 3, c, 

the first row). Based on the change in the brightness of the 

observed interference pattern, it can be concluded that the 

maximum phase difference δmax corresponds to the extinc-

tion line oriented at an angle ζ = –90°, and δmin corre-

sponds to the value of the angle ζ = +90°. This means  

that the twist angle of the boojum on the upper substrate  

ξ = 90° (fig. 3, d, the first row). Similarly, we can deter-

mine the twist angle of a boojum with a charge m = –1 

(fig. 3, the second row). In the geometry of crossed linear 

polarizers (at α = 0°), the extinction bands form a straight 

cross oriented at an angle of 15° to the direction of the 

linear polarizer LP. From the interference pattern ob-

served at an oblique (α = 5.33°) incidence of light in the 

geometry of circular polarizers, it can be seen that δmax 

corresponds to an extinction band oriented at an angle  

ζ = –75° which corresponds to a boojum twist angle on 

the upper substrate ξ = –75° (fig. 3, d, the second row). 

It should be noted that the sample contains boojums 

with the charge m = +1 and the twisting angle ξ close to  

± 90°. Thus, the boojum with m = +1 and |ξ| = 90° is ener- 

getically most favorable for LC LN-396 in the case of the 

director tilt angle θd/2 = 40°. For boojums with a charge  

m = –1, different twist angles ξ are observed. This is a 

consequence of the fact that the distribution of the direc-

tor field near the boojum with m = –1 at different angles 

ξ differs only in the orientation of the symmetry axes,  

i. e., the boojum with the angle ξ can be obtained  

by rotating the entire structure (coordinate system)  

of the director field with ξ0 = 0 around the Oz axis by an 

angle ξ/2 [25]. Thus, the total free energy of the nematic 

director field near the boojums with m = –1, in contrast 

to the boojums with m = +1, does not depend on the 

twisting angle ξ.  

Boojums in twisted nematic (cholesteric). The cho-

lesteric structures were studied for a cell with a thickness 

of d = 12.7 μm which corresponds to the ratio d/p = 0.18. 

In this case, extinction bands are observed for an angle  

of 58° between the analyzer and the polarizer which cor-

responds to the director twisting angle φTOTAL = –32 ° 

(fig. 4, a and 5, a). 

 

 

 
 

a    b          c    d 

 

Fig. 3. POM photos of the sample areas of nematic with boojums of m = +1 strength and the twisting angle ξ = 90º  

(the first row), m = –1 and ξ = –75º (the second row). The photos were taken in the monochromatic light (λ = 546 nm)  

for the crossed linear polarizer (LP) and analyzer (LA) at the polarizer orientation LP 0º (a), for the crossed circular  

polarizer (CP) and analyzer (CA) at the light incidence angle α = 0° (b) and α = 5.33° (c). The corresponding director  

field distributions on the top substrate calculated by eq. (5) (d) 

 

Рис. 3. POM фотографии участков образца нематика с буджумами, имеющими силу m = +1 и угол закрутки  

ξ = 90º (первый ряд), m = –1 и угол закрутки ξ = –75º (второй ряд). Фотографии сделаны в монохроматическом  

свете (λ = 546 нм) в геометрии скрещенных линейных поляризатора (LP) и анализатора (LA) для ориентации  

поляризатора LP 0º (a), скрещенных циркулярных поляризатора (CP) и анализатора (CA) для углов падения  

света α = 0° (b) и α = 5,33° (c). Рассчитанные по уравнению (5) соответствующие распределения поля  

директора на верхней подложке (d) 
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Fig. 4. POM photos of the sample area of cholesteric with boojum of m = +1 strength and the twisting  

angle on the top substrate ξ = –106º taken in the monochromatic light (λ = 546 nm) for the crossed  

at 58° angle linear polarizers at the polarizer orientation LP 0º (a), for the crossed circular polarizers  

at the light incidence angle α = 0° (b) and α = 5.33° (c). The corresponding director field distributions  

on the top substrate (d), at the layer center (e) and on the bottom substrate (f) calculated by equation  

(5) considering the conditions (2) 

 

Рис. 4. POM фотографии участка образца холестерика с буджумом, имеющими силу m = +1 и угол 

закрутки на верхней подложке ξ = –106º, сделанные в монохроматическом свете (λ = 546 нм)  

в геометрии скрещенных под углом 58° линейных поляризаторов для ориентации поляризатора LP  

0º (a), скрещенных циркулярных поляризаторов для углов падения света α = 0° (b) и α = 5,33° (c).  

Рассчитанные по уравнению (5) с учетом условия (2) соответствующие распределения поля  

директора на верхней подложке (d), в центре слоя (e) и на нижней подложке (f) 
 

 

 
 

Fig. 5. POM photos of the sample area of cholesteric with boojum of m = –1 strength and the twisting  

angle on the top substrate ξ = –116º taken in the monochromatic light (λ = 546 nm) for the crossed  

at 58° angle linear polarizers at the polarizer orientation LP 0º (a), for the crossed circular polarizers  

at the light incidence angle α = 0° (b) and α = 5.33° (c). The corresponding director field distributions  

on the top substrate (d), at the layer center (e) and on the bottom substrate (f) calculated by equation  

(5) considering the conditions (2) 

 

Рис. 5. POM фотографии участка образца холестерика с буджумом, имеющими силу m = –1 и угол 

закрутки на верхней подложке ξ = –116º, сделанные в монохроматическом свете (λ = 546 нм)  

в геометрии скрещенных под углом 58° линейных поляризаторов для ориентации поляризатора LP 

0º (a), скрещенных циркулярных поляризаторов для углов падения света α = 0° (b) и α = 5,33° (c).  

Рассчитанные по уравнению (5) с учетом условия (2) соответствующие распределения поля  

директора на верхней подложке (d), в центре слоя (e) и нижней подложке (f)  

a b c 

d e f 

a b c 

d e f 
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Fig. 4 shows a boojum with m = +1, for which the ex-

tinction bands form a straight cross rotated at an angle  

of –16° with respect to the direction of the polarizer.  

Observations with oblique incidence of light on the cell 

(fig. 4, c) show that δmax and, consequently, the value 

φ0(x, y) = 0, is observed at an angle ζ ≈ 90°. In this case, 

in the approximation of the linear dependence of the azi-

muthal angle of the director on the coordinate z (equation 

(2)), the twisting angle of the boojum on the upper  

substrate can be found from the relation (+1·90° + ξ =  

= φTOTAL/2), whence ξd/2 = –106° (fig. 4, d), while on the 

lower substrate ξ –d/2 = –74° (fig. 4, f). The orientation  

of the four extinction lines corresponds to the condition 

when φ–d/2 equals 0°, ± 90° and –180°, which corresponds 

to angles 74°, 164°, –16°, –106° and is consistent with the 

orientation of extinction bands observed in the geometry 

of crossed polarizers (fig. 4, a). 

The twisting angle of boojums with m = –1 (fig. 5) can 

be determined in a similar manner. The cross that forms 

the extinction bands is oriented at an angle of approxi-

mately 5° to the polarizer (fig. 5, a), while δmax is reached 

at an angle of ζ ≈ –100° (fig. 5, c). This corresponds to the 

twisting angle of the boojum on the upper substrate which 

is found from the relation (–1·(–100°) + ξ = φTOTAL/2), 

whence ξ d/2  = –116° (fig. 5, d). On the lower substrate, it 

corresponds to a boojum with ξ –d/2 = –84° (fig. 5, f). 

Conclusion. In this work we propose a method of 

oblique incidence of light on an LC cell which makes it 

possible to determine the polar and azimuthal angles of 

the director orientation in the case of conical boundary 

conditions. The capabilities of this method were demon-

strated by the example of point topological defects-

boojums that form in nematic with a director tilt angle at 

the boundary θd/2 = 40°, for which the defect strength m 

and twisting angles ξ were first determined. It is shown 

that in the used nematic liquid crystal LN-396, there  

is a tendency for the formation of boojums with m = +1, 

having a twisting angle ξ = ± 90°. This method is also 

applicable for a twisted cholesteric structure. In this case, 

if the Mauguin regime is fulfilled, the maximum phase 

difference δmax between the ordinary and extraordinary 

beams is achieved at the azimuthal orientation of the di-

rector at the center of the layer φ0 (x, y) = 0, regardless  

of the total angle of rotation of the director φTOTAL. Using 

the proposed method, we determined the orientational 

structure of boojums, formed on the upper and lower sub-

strates specifying conical anchoring for the liquid crystal. 

The results obtained are of interest for studies of struc-

tured materials, analysis of defect structure by optical 

methods, and the developed method of oblique incidence 

of light can potentially be used to analyze a wide class of 

optically anisotropic and chiral media, such as smectics, 

nematics and cholesterics with tilted or hybrid boundary 

conditions. 

It is necessary to note the applied significance of the 

research results, since liquid crystal media today remain 

the most competitive functional materials for use in opto-

electronic devices requiring low weight and dimensions, 

low-voltage control and low power consumption which, 

for example, is very important for use in space technolo-

gies. 
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ELECTRONIC STRUCTURE CHANGE AT CATIONIC SUBSTITUTION OF MANGANESE SULFIDE  

BY ELEMENTS WITH VARIABLE VALENCE 

 

O. B. Romanova1*, S. S. Aplesnin1,2, L. V. Udod1,2 

 
1Kirensky Institute of Physics, Federal Research Center KSC SB RAS 

50/38, Akademgorodok, Krasnoyarsk, 660036, Russian Federation 
2Reshetnev Siberian State University of Science and Technology 
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Cation-substituted solid solutions YbXMn1-XS were prepared by the melt method from polycrystalline sulfide pow-

ders. The synthesized samples are antiferromagnetic semiconductors and, according to the results of X-ray structural 

analysis, have an FCC structure of the NaCl type. Structural, electrical, optical, and acoustic properties of the chalco-

genide system YbXMn1-XS were studied in the temperature range 80–500 K. The effect of variable valence elements on 

the electronic structure of cationic substitution of manganese sulfide has been studied. The change in the electronic 

structure in the YbXMn1-XS system occurs due to the electron-phonon interaction. Samples with variable valence have 

anomalous compressibility, which is confirmed by the data on the thermal expansion coefficient and the change in the 

attenuation coefficient. As a result of inelastic interaction with d- electrons, the density of states at the Fermi level 

changes, this is reflected in the temperature dependence of the conductivity. The positions of the f-level and two elec-

tronic transitions were determined from the IR spectra. A zone of temperatures and concentrations was found, where  

a correlation of structural, electrical, optical and acoustic properties is observed. To explain the experimental results, 

the electronic structure of the semiconductor is considered and a model is proposed that qualitatively describes  

the experiment. 

 

Keywords: elements with variable valence, structure, IR spectroscopy, attenuation coefficient, conductivity, elec-

tronic structure. 

 

 

ИЗМЕНЕНИЕ ЭЛЕКТРОННОЙ СТРУКТУРЫ ПРИ КАТИОННОМ ЗАМЕЩЕНИИ  

СУЛЬФИДА МАРГАНЦА ЭЛЕМЕНТАМИ С ПЕРЕМЕННОЙ ВАЛЕНТНОСТЬЮ 

 
О. Б. Романова1*, С. С. Аплеснин1,2, Удод1,2 Л. В. 
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Методом расплава из поликристаллических порошков сульфидов приготовлены катион замещенные твер-

дые растворы YbXMn1-XS. Синтезированные образцы являются антиферромагнитными полупроводниками  

и согласно результатам рентгеноструктурного анализа имеют ГЦК структуру типа NaCl. Проведены иссле-
дования структурных, электрических, оптических и акустических свойств халькогенидной системы YbXMn1-XS 

в интервале температур 80–500 К.  Исследовано влияние на электронную структуру элементов переменной 

валентности при катионном замещении сульфида марганца.  Изменение электронной структуры в сиcтеме 
YbXMn1-XS  происходит за счет электрон-фононного взаимодействия. Образцы с переменной валентностью 

обладают аномальной сжимаемостью, что подтверждается данными коэффициента теплового расширения 
и изменением коэффициента затухания. В результате неупругого взаимодействия с d-электронами меняется 
плотность состояний на уровне Ферми, что отражается на температурной зависимости проводимости.  

Из ИK спектров определены положения f-уровня и два электронных перехода. Обнаружена область темпера-
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тур и концентраций, где наблюдается корреляция структурных, электрических, оптических и акустических 
свойств. Для объяснения экспериментальных результатов рассмотрена электронная структура полупровод-

ника и предложена модель, качественно описывающая эксперимент. 

 

Ключевые слова: элементы с переменной валентностью, структура, ИК-спектроскопия, коэффициент  

затухания, проводимость, электронная структура. 

 

Introduction. Recently, active research has been car-

ried out in the field of spin electronics or spintronics, 

which is one of the priority areas of modern electronics 

[1–3]. In spintronics, not only the charge degree of free-

dom of the electron, but also the spin is used to convert an 

electrical signal, which makes it possible to create funda-

mentally new spintronic devices based on materials with  

a magnetoresistive effect. These substances include the 

cation-anionic semiconductors which we investigate,  

and which are synthesized on the basis of manganese 

chalcogenides and they demonstrate phase transitions,  

and a number of effects associated with changes in the 

electronic structure under the influence of external factors 

[4–10]. A similar correlation of changes in the electronic 

and crystal structures was observed in bismuth py-

rovskites [11–13]. The study of these phenomena in man-

ganese chalcogenides seems to be relevant, both from the 

point of view of technical applications and from the point 

of view of fundamental physics. 

Manganese monosulfide, on the basis of which the 

studied compound YbXMn1–XS was synthesized, is an an-

tiferomagnetic (TN = 150 K) p-type semiconductor  

[14; 15]. It has an fcc structure of the NaCl type with the 

unit cell parameter a = 5.22 nm and undergoes a number 

of structural distortions at temperatures below the Néel 

temperature [16]. It reveals the anisotropy of the electrical 

resistance, which in the (111) plane is two orders of mag-

nitude greater than in the (100) plane and depends on the 

applied magnetic field. The negative magnetoresistance 

found in the (111) plane for MnS was – 12 % in a mag-

netic field of 10 kOe at T = 230 K [17]. 

When manganese cations are replaced by ytterbium 

ions, the pressure exerted by the nearest environment will 

lead to a change in the valence of ytterbium ions and to 

the formation of a metal bond. This was observed in YbS 

compounds under pressure [18]. Substitution of ytterbium 

for manganese will cause an f-level shift. Several options 

are possible here, the f-level falls into the conduction 

band, and the electron passes from the f-to the d-level of 

the rare-earth ion, or remains below the bottom of the 

conduction band, and bound to the donor. The transition 

of an electron from the f-level to the t2g state will lead to 

electronic degeneracy, which can be lifted due to the spin-

orbit or Jahn–Teller interaction. In the work [19], the ef-

fect of a magnetic field on the electrical and magnetic 

properties in YbXMn1–XS (0.05 < Х < 0.2) was studied.  

A change in the type of conductivity from the Poole–

Frenkel law to the Mott law was found from the current-

voltage characteristics and a change in the sign of the 

current carriers, both in temperature and in concentration. 

The effect of prehistory under the action of a magnetic 

field on the conductivity, impedance, and magnetic  

susceptibility was found in a wide temperature range.  

The trivalent state of ytterbium ions from EPR was found. 

The experimental data are satisfactorily explained by the 

condensation of lattice polarons with the formation of 

orbital glass with successive freezing of interstitial orbital 

angular momentum and with orbital angular momentum 

at the site. 

In solid solutions with a disordered arrangement of yt-

terbium ions, a situation is possible when ions of different 

valences occupy crystallographically equivalent positions, 

but the exchange of electrons between them turns out to 

be relatively slow and is associated with thermally acti-

vated hopping with emission and absorption of phonons. 

At high temperatures, the exchange between ions of dif-

ferent valence occurs rather quickly, which causes an in-

crease in conductivity, and with decreasing temperature, 

the characteristic times increase sharply and the situation 

becomes close to static. This will manifest itself in the 

study of acoustic properties, in softening and splitting of 

sound vibration modes, in particular, in damping of 

acoustic phonons, which is sensitive to valence fluctua-

tions and to local deformations accompanying them. 

Acoustic properties which main parameters are elastic 

moduli and ultrasound damping are very sensitive to the 

defect structure of the crystal [20]. In studies of high-

temperature superconductors [21–23], it was found that 

the structure (grain size, presence of pores, etc.), as well 

as defects of the grain itself, can largely determine the 

acoustic characteristics of ceramics. The experience with 

ceramic compounds has shown that acoustic measure-

ments make it possible to effectively control the quality of 

synthesized samples. In the work [24], a new method was 

proposed for studying the metal-insulator transition using 

acoustic effects. They were measured by successive irra-

diation of the sample in the absence of a magnetic field 

and in a magnetic field of 6 T at 4.2 K. By successive 

irradiation of the n-GaAs/AlGaAs heterostructure, the 

conductivity can be increased fivefold. The absorption of 

ultrasound in metals has been studied for a long time [25]. 

This phenomenon is closely related to electron-phonon 

heat exchange [26], which determines the possible scale 

of violation of thermodynamic equilibrium of the electron 

gas and phonons and the lattice. 

Thus, the aim of this work is to establish possible 

phase transitions and changes in the electronic structure 

caused by the substitution of manganese by ytterbium 

ions as a result of a comprehensive study of optical, elec-

trical, structural and acoustic properties. It should  

be noted that optical and acoustic studies are sensitive  

to local distortions of the structure; therefore, the selected 

methods will allow obtaining detailed information on 

phase transitions in YbXMn1–XS systems. 

Experimental results and discussion. Synthesis and 

experimental technique. Cation-substituted solid solutions 

of the YbXMn1–XS system with a substitution concentra-

tion (0 ≤ X ≤ 0.2) were grown in a quartz reactor from  

a melt of polycrystalline sulfide powders. A reactor with  

a charge in glassy carbon crucibles was pulled through  
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a single-turn inductor of the HF unit. High-purity argon 

was used as an inert medium [7]. Determination of the 

phase composition and crystal structure of the synthesized 

samples was carried out at 300 K on a DRON-3 X-ray 

facility using CuKα radiation after their preparation and 

measurements of their acoustic and optical properties. The 

electrical resistance measurements were carried out by a 

four-probe direct current compensation method in the 

temperature range of 771000 К. IR spectroscopy studies 

of YbXMn1-XS samples by IR spectroscopy were per-

formed on an 2202 IR Fourier spectrometer (FSM) with  

a spectral resolution of 1 cm-1 in a temperature range  

of 80–500 K and frequencies of 400–7000 cm–1 on a poly-

crystalline sample in the form of tablets with a diameter 

of 13 mm in a KBr matrix. Acoustic properties were 

measured directly on the tablets with two piezoelectric 

sensors glued with silver paste to the tablet planes, one of 

which was a generator, the other was a receiver of ultra-

sonic waves. The sound propagation time was τ = 10(–6)  

seconds at a frequency of 5 MHz, the sample thickness 

was 0.4 cm. The sound wave attenuation coefficient was 

calculated by the formula: α = ln(U0/U)/d, where U  

and U0 are the voltage amplitudes recorded by the genera-

tor and the receiver of vibrations, d is the thickness  

of the tablet. 

X-ray structural analysis. According to the results of 

X-ray structural analysis, the synthesized YbXMn1-XS 

samples with a low substitution concentration Х ≤ 0.05 

have a cubic lattice of the NaCl type, characteristic of  

-MnS (fig. 1, a). With an increase in concentration  

to Х = 0.2, along with diffraction reflections of the cubic 

structure, very weak reflections of the impurity Yb2S3 

phase with a cubic structure (space group Ia3) are  

observed, which do not disappear upon heat treatment 

(fig. 1, b). The result of exposure to temperature is redis-

tribution of the intensity of diffraction reflections on  

X-ray diffraction patterns. The main peak [200] in the  

X-ray diffraction pattern for the YbXMn1–XS solid solution 

splits into two with increasing X, which is possibly asso-

ciated with the cooperative Jahn – Teller effect and a de-

crease in cubic symmetry. Cationic substitution with yt-

terbium leads to a linear increase in the unit cell parame-

ter in accordance with an increase in the radius of the sub-

stituting element (r = 0.91 nm for Mn and r = 0.101 nm 

for Yb). The concentration dependence of the lattice pa-

rameter for the ytterbium-substituted system is shown in 

the inset to fig. 1, a. 

Investigation of samples by IR spectroscopy and 

acoustic method. The substitution of ytterbium for man-

ganese in the YbXMn1–XS system leads to structural distor-

tions accompanied by a change in the electronic spectrum, 

which can be established using IR spectroscopy. Distor-

tion of octahedra, due to the Jahn-Teller effect, was  

observed in the IR spectra in the form of splitting of the 

intensity lines shown in fig. 2. In the frequency range of 

900–1100 cm–1 in Yb0.15Mn0.85S, a splitting of the absorp-

tion peak into two maxima at frequencies ω1 = 953 cm–1 

and ω2 = 994 cm–1 was found. When heated to T > 200 K, 

the first maximum detected at the frequency ω1 disap-

pears, and the intensity of the second one decreases  

several times and disappears at 400 K. With increasing 

temperature, ω1 and ω2 shift by 3 cm and 12 cm, respec-

tively. Substitution of manganese by ytterbium ions leads 

to the formation of electrons in the t2g subsystem and to 

the degeneracy of electronic states, which are removed 

due to the Jahn-Teller effect. Two electronic transitions 

were found from the IR spectra for X = 0.15, one disap-

pears at 200 K and the other at 400 K, which are caused 

by the successive growth of the octahedral symmetry  

and the splitting of the t2g states of the ions in the zone 

with electronic phase separation. 

Studies of the magnetic properties of the YbXMn1–XS 

system presented in [19] showed that the synthesized 

compounds are antiferromagnets with TN decreasing  

with increasing concentration from 150 K for Х = 0.05  

to 102 K for Х = 0.2. In the paramagnetic region, two fea-

tures were observed in the temperature behavior of the 

magnetization measured in the magnetic field of 8.6 kOe, 

associated with the local minimum dσ/dT at T1 and T2,  

the values of which are in the ranges 224 К < T < 234 K 

and at 336 К < T < 386 К. Above T2, the temperature  

dependence of the magnetic susceptibility is described  

by the Curie–Weiss law with a negative paramagnetic 

Curie temperature θ, which sharply decreases when  

manganese is replaced by ytterbium ions. This can be 

explained by the formation of superparamagnetic clusters 

with a strong ferromagnetic interaction between manga-

nese ions, which are the nearest neighbors of the ytter-

bium ion. 

The anomalous behavior of the attenuation coefficient 

(α) shown in fig. 3 for the sample Yb0.05Mn0.95S is ob-

served in two temperature regions (in the magnetic order-

ing region and paramagnetic one). The first temperature 

region correlates with the temperatures of structural dis-

tortions (100, 120, 150 K) observed in the initial matrix  

of manganese monosulfide [27] and with the data of the 

temperature dependence of the thermal expansion coeffi-

cient measured for samples of the YbXMn1–XS system 

[19]. According to which anomalies in the temperature 

range of the magnetic phase transition 110K ≤ T ≤ 140 K 

are established on the temperature dependence of the co-

efficient of thermal expansion. This is due to the fact that 

when moving to a magnetically ordered region, the lattice 

begins to contract anomaly, as a result of magnetoelastic 

interaction. 

Above 150 K, the α (T) curve reaches a plateau.  

An exponential decrease in the value of the attenuation 

coefficient is observed at T = 220 K; at this temperature, 

the first local minimum of magnetization was detected. 

The anomalous behavior of the attenuation coefficient in 

the high temperature range above 400K correlates with 

the temperatures detected in the IR spectra and is most 

likely connected with the rearrangement of the electronic 

spectrum due to the Jahn–Teller effect. 

Fig. 4, a, b illustrates the behavior of the frequency 

dependence of the sound attenuation coefficient in sam-

ples Yb0.05Mn0.95S and Yb0.2Mn0.8S measured at a pulse 

sequence t = 50 sec in the temperature range 300–450 K. 

At temperatures of 300 and 320 K for concentrations 0.05 

and 0.2, respectively, the α (ω) curves are almost linear. 

With increasing temperatures, maxima were found on the 

frequency dependences of the attenuation coefficient. For 

both the Yb0.05Mn0.95S and Yb0.2Mn0.8S samples, the fre-

quency range 5–5.5 MHz for which anomalies are ob-
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served at T = 350 and 400 K coincides (fig. 4, а, b).  

A further increase in temperature to 450K results in a step 

on the α (ω) curve in the low-frequency region at 3 MHz 

for Yb0.05Mn0.95S and 2.5 MHz for Yb0.2Mn0.8S. It is as-

sumed that energy absorption in the room temperature 

region is caused by internal friction, and the approach to 

400 K is due to scattering on crystallographic domains. 

When acoustic waves propagate in polycrystalline 

solid media, reflection, refraction, and transformation 

occur at grain boundaries, domain boundaries, and struc-

ture inhomogeneities. Thus, attenuation is due to both 

absorption and dissipation of energy. In solids, absorption 

can be caused by: internal friction (in this case, the sound 

attenuation coefficient α is proportional to the frequency 

ω); thermal conductivity (α is proportional to ω2); elastic 

effects (α is proportional to ω). 

Electrical property. The rearrangement of the elec-

tronic structure at the Mn-Yb interface as a result of low-

ering the local crystal structure and splitting the t2g levels 

will manifest itself as a result of the study of electrical 

properties, namely, conductivity. The temperature de-

pendence of the conductivity for solid solutions of 

Yb0.15Mn0.85S is shown in fig. 5. It has a typical semicon-

ductor type and does not differ qualitatively from the 

temperature dependence σ(T) for the initial manganese 

monosulfide. A correlation is found between the tempera-

tures at which anomalies are detected in the IR spectra, 

the attenuation coefficient, and the temperature depend-

ence of the conductivity (σ). The first jump in the curve 

σ(T) is observed in the room temperature region. Further 

along the temperature, a slight increase in conductivity is 

observed, which turns into a sharp increase in the region 

of 400 K. This behavior of σ correlates with anomalies 

detected in the frequency and temperature dependences of 

the attenuation coefficient and IR spectroscopy data, 

which confirms the assumptions made above about 

changes in the electronic structure during cationic substi-

tution of manganese with ytterbium. In the high tempera-

ture range of 880 < T < 1020 K, a small maximum in 

electrical resistance is detected (inset in fig. 3).  

 

 

 
 

Fig. 1. X-ray diffraction patterns of Yb0.05Mn0.95S (а) and Yb0.2Mn0.8S (b)  

samples. The inset shows the concentration dependence of the lattice  

parameter of the system YbXMn1–XS 

 

Рис. 1. Рентгенограммы образцов Yb0,05Mn0,95S (а) и Yb0,2Mn0,8S (b).  

На вставке концентрационная зависимость параметра решетки  

системы YbXMn1–XS 

 

a 
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Fig. 2. Temperature dependences of the intensity of the IR spectra  

of the sample Yb0.15Mn0.85S 

 
Рис. 2. Температурные зависимости интенсивности ИК  

спектров образца Yb0.15Mn0.85S 

 

 

 

 

 
 

Fig. 3. Temperature dependence of the attenuation coefficient  

for the sample Yb0,05Mn0,95S 

 
Рис. 3. Температурная зависимость коэффициента затухания 

 для образца Yb0,05Mn0,95S 
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b 

 

Fig. 4. Frequency dependence of the sound attenuation coefficient for 

Yb0.05Mn0.95S (a) measured at Т = 300 K (1); 350 K (2); 400 K (3); 450 K (4)  

and for Yb0.2Mn0.8S (b) at Т = 320 K (1); 360 K (2); 400 K (3); 440 K (4) 

 

Рис. 4. Частотная зависимость коэффициента затухания звука  
для Yb0,05Mn0,95S (а), измеренного при Т = 300 К (1); 350 К (2); 400 К (3); 450 К (4)  

и для Yb0,2Mn0,8S (b) при  Т = 320 К (1); 360 К (2); 400 К (3); 440 К (4) 

 

 

This maximum is due to the coincidence of the 4f-

level with the chemical potential when it is shifted from 

the bottom of the conduction band to the middle of the 

band gap.At low temperatures, the 4f-level is filled and 

located below the chemical potential, and at high tem-

peratures, electrons are scattered at the f – centers as a 

result of df-exchange, which leads to a maximum in resis-

tance. It should be noted that with an increase in the con-

centration to X = 0.2, a jump in the electrical resistance  

is observed at T = 700 K and the reason for this is the 

electron-phonon interaction, which induces splitting  

of the 4f subband. Another reason is the presence of yt-

terbium ions of different sizes (+2 and +3) with different 

(up to 10–15 %) ion radii. The electron-lattice interaction 
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consists of the interaction of electrons with a homogenous 

strain and with phonons at a given strain. 

To explain the experimental results obtained for solid 

solutions of YbХMn1–ХS, we consider the electronic struc-

ture shown in fig. 6. In the band gap below the bottom  

of the conduction band is the donor level corresponding  

to 4f ytterbium electrons. The electron concentration at 

the 4f-level is equal to the concentration of ytterbium 

ions. In the temperature range 390–440 K, condensation 

of local octahedral modes is possible, i. e., sulfur ions 

shift from octahedral positions in the direction of manga-

nese at the Mn-Yb boundary. 

 

 

 
 

Fig. 5. Temperature dependence of conductivity for the Yb0.15Mn0.85S  

sample. Inset: temperature dependence of electrical resistivity  

for the same concentration 

 

Рис. 5. Температурная зависимость проводимости для образца  
Yb0,15Mn0,85S. На вставке: температурная зависимость удельного  

электросопротивления для этой же концентрации 

 

 

 
 

Fig. 6. Temperature dependence of the 4f-level energy Ef  and Fermi  

energy EF. T* – temperature at which the activation energy increases,  

taken from the data on electrical resistance 

 

Рис. 6. Температурная зависимость энергии 4f-уровня Ef  

и энергии Ферми EF. T* – температура, при которой энергия  

активации увеличивается, взята из данных  

по электросопротивлению 
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The bending mode of the octahedron is likely to lead 

to splitting of the t2g states of electrons and to a shift in 

the conduction band, as well as a decrease in the energy 

interval between the f-level and the bottom of the conduc-

tion band. There is a shift of the f-level relative to the 

bottom of the conduction band, which leads to a rear-

rangement of the electronic structure. At high tempera-

tures, the Fermi energy and the 4f-level intersect at high 

temperatures for all concentrations. 

Conclusion. Cation-substituted solid solutions of 

YbXMn1-XS (0 ≤ X ≤ 0.2) were synthesized, which mainly 

have a face-centered cubic lattice of the NaCl type  

according to the results of x-ray diffraction analysis.  

An increase in the substitution concentration X = 0.2 leads 

to splitting of the main peak on the x-ray image, which  

is associated with the cooperative Jahn–Teller effect and a 

decrease in cubic symmetry. Structural changes and rear-

rangements of the electronic spectrum were confirmed by 

IR spectroscopy. Two electron transitions were detected 

from the IR spectra, one of which disappears at 200 K and 

the other at 400 K. These transitions are caused by a se-

quential increase in the symmetry of the octahedron and 

with the splitting of the t2g states of the ions. A structural 

transition for X = 0.05 is detected in the magnetically or-

dered phase, which is accompanied by compression of the 

crystal lattice and minima on the temperature dependence 

of the attenuation coefficient. A temperature range is 

found in which the correlation of structural, magnetic, 

electrical, optical, and acoustic properties is observed. 

Comparison of acoustic parameters with the behavior of 

the temperature dependence of the thermal expansion 

coefficient of the sample, IR spectroscopy, x-ray diffrac-

tion data, and conductivity in the paramagnetic region 

allows us to assume that the detected anomalies indicate 

the existence of both structural phase transitions and 

changes in the electronic structure in the sample. The 

change in the electronic structure as a result of substitu-

tion of manganese with elements of variable valence is 

caused by a shift in the bottom of the conduction band 

with an increase in temperature as a result of electron-

phonon interaction 
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INFLUENCE OF THE MAGNETIC FIELD ON TRANSPORT PROPERTIES 

OF HOLMIUM – MANGANESE SULFIDE 

 

M. N. Sitnikov1, A. M. Kharkov1*, S. S. Aplesnin1, O. B. Romanova2 

 
1Reshetnev Siberian State University of Science and Technology 

31, Krasnoyarskii rabochii prospekt, Krasnoyarsk, 660037, Russian Federation 
2Kirensky Institute of Physics, Federal Research Center KSC Siberian Branch Russian Academy of Sciences 

660036, Krasnoyarsk, Akademgorodok 50, bld. 38 

*E-mail: khark.anton@mail.ru 

 

Holmium-manganese sulfide with giant magnetoresistance refers to new magnetic sulfide compounds of holmium 

and manganese that have the effect of giant magnetoresistance (i. e., with special magnetoelectric properties), which 

can be used as components of sensor technology, magnetic memory, and spintronics. The technology of manufacturing 

polycrystals HoXMn1-XS grown by crystallization from the melt of the obtained powdered sulfides with a purity not lower 

than 99,9 %, in glass-carbon crucibles and a quartz reactor in an argon atmosphere is presented. According to the re-

sults of x-ray diffraction analysis, HoXMn1-XS holmium-manganese sulfides have a HCC structure of the NaCl type.  

As the degree of cationic substitution increases, the unit cell parameter increases linearly with the concentration. No 

concomitant impurity phases are detected in the synthesized samples. To determine the state of the spin glass, magnetic 

moment measurements are conducted at several frequencies ω = 1 kHz, 10 kHz and 100 kHz. The dependence of mag-

netic characteristics on the frequency of measurements is found. The damping of the magnetic moment and its increase 

with a decrease in temperature is reviled, which is connected with the formation of metastable States. Measurements of 

electrical resistance without a field and in a magnetic field are conducted. Anomalies in the temperature dependence of 

the conductivity are found. A change in the magnetoresistance sign is detected with the increase of temperature below 

and above room temperature. 

 

Keywords: solid solutions, resistance, magnetic permeability, the effect of giant magnetoresistance. 

 

 

ВЛИЯНИЕ МАГНИТНОГО ПОЛЯ НА ТРАНСПОРТНЫЕ СВОЙСТВА 

ГОЛЬМИЙ-МАРГАНЦЕВОГО СУЛЬФИДА 

 

М. Н. Ситников1, А. М. Харьков1*, С. С. Аплеснин1, О. Б. Романова2 
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Гольмий-марганцевый сульфид с гигантским магнитосопротивлением относится к новым магнитным 

сульфидным соединениям гольмия и марганца, обладающим эффектом гигантского магнитосопротивления,  
то есть с особыми магнитоэлектрическими свойствами, которые могут быть использованы в качестве  
составляющих компонент сенсорной техники, магнитной памяти для спинтроники. Приведена технология 
изготовления поликристаллов HoXMn1-XS, выращенных кристаллизацией из расплава полученных порошковых 
сульфидов чистотой не ниже 99,9 % в стеклоуглеродных тиглях и кварцевом реакторе в атмосфере аргона. 

Согласно результатам рентгеноструктурного анализа, гольмий-марганцевые сульфиды HoXMn1-XS имеют ГЦК 

структуру типа NaCl. С увеличением степени катионного замещения параметр элементарной ячейки линейно 

увеличивается с концентрацией. Сопутствующих примесных фаз в синтезированных образцах не обнаружено. 

Для установления состояния спинового стекла проведены измерения магнитного момента на нескольких  
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частотах ω = 1, 10 и 100 kHz. Обнаружена зависимость магнитных характеристик от частоты измерений. 

Найдено затухание магнитного момента и его увеличение с понижением температуры, что связывается  
с образованием метастабильных состояний. Проведены измерения электросопротивления без поля и в маг-
нитном поле. Найдены аномалии в температурной зависимости проводимости. Обнаружена смена знака  

магнитосопротивления с ростом температуры ниже и выше комнатной температуры. 

 

Ключевые слова: твердые растворы, электросопротивление, магнитная проницаемость, эффект гигант-

ского магнитосопротивления. 
 

Introduction. The microelectronics element base, 

functioning on the basis of the magneto resistive effect 

[1], can operate under extreme conditions. Materials with 

the effect of giant magnetoresistance (GMR) can be used 

as components of sensor technology [2], magnetic mem-

ory [3] and are able to change their electrical resistance  

in several times under external magnetic field application 

[4–7]. 

Summing up, it is possible to say that all currently 

known GMR substances are complex (oxide) phases 

based on manganese oxides, the ferromagnetism of ions 

of which is responsible for the GMR effect emerging [8]. 

Oxide compounds of manganese type La1-xAхMnO3  

(A = Ca, Sr, Ba, etc.) and methods for their preparation 

[8; 9] are known. The maximum amplitude of this effect 

is observed in the immediate vicinity of the transition to 

the ferromagnetic state, at high values of the Curie tem-

perature ТС ~ 250÷400 K and opens up broad prospects 

of their technological application. 

The drawback of these substances is the high sensitiv-

ity of lanthanum manganite to concentration of a divalent 

impurity, a high melting point T ~ 1800–1900 oC, the cost 

of their constituent elements and realization of the GMR 

effect in a narrow temperature interval near the magnetic 

transition temperature. NaCl-type fcc lattice. 

The vanadium chromium disulfide – copper 

CuVXCr1-XS2 is also known (rhombohedral structure, 

space group R3m), which belongs to the class of mixed 

electron-ion semiconductors and is an antiferromagnetic 

with critical temperatures of superionic (Tsu = 670 K)  

and magnetic (TN ~ 40 K) transitions [10]. The effect  

of negative magnetoresistance in this compound is observed 

at 77 K in a magnetic field of 10 kOe and is – 40 %. This 

effect is observed only in polycrystalline samples but not 

in single-crystal samples with a copper deficiency. 

The drawback of disulfides CuVXCr1-XS2 is not a 

simple layered structure, the complexity of the crystal 

growth technology because of the high mobility of copper 

ions and low temperatures at which negative magnetore-

sistance arises. NaCl-type fcc lattice 

In the initial manganese monosulfide α-MnS (an anti-

ferromagnetic with NaCl-type fcc lattice), anisotropy of 

the electrical resistivity for two crystallographic directions 

[111] and [100] in the temperature range of 77–300 K 

[11–13] was found. A negative magnetoresistance  

was also found, the value of which in a field of 10 kOe  

is –12 % and most clearly showed in the (111) plane [14]. 

With an increase of the magnetic field, the magnitude of 

the magnetoresistance does not change, but the minimum 

shifts to the low temperature range. 

The main drawbacks of manganese monosulfide are 

the small magnitude of the magneto resistive effect, the 

energy consumption of the synthesis technology, and the 

low operating temperatures of magneto resistive elements 

on the basis on such materials. 

The technically closest to the claimed invention is fer-

romanganese sulfide FeXMn1-XS [15–17], containing 

components in the following ratio, atom%: Fe 12.5–20; 

Mn 30–37.5 and S-50 and having a simple cubic structure 

such as NaCl. With an increase in the degree of cationic 

substitution (X) in the FeXMn1-XS system, a semicon-

ductor – semimetal transition with Xc = 0.4 and an in-

crease in magnetization are observed, with the Néel  

temperature increasing from 150 K for X = 0 and  

to 210 K for X = 0.2. Ferromanganese sulfide has GMR 

in the temperature range of 50 K – 250 K with the maxi-

mum development of the HMS effect (δH = –83 %)  

at 160 K in the magnetic field H = 10 kOe and δH = –450 % 

at 50 K in the field H = 30 kOe. 

The drawback of the known ferromanganese sulfides 

FeXMn1-XS is the poor repeatability of the compounds 

obtained, the complexity and duration of the synthesis. 

The aim of this work is to obtain magnetic compounds 

of holmium – manganese sulfides with a cubic NaCl lat-

tice type, which have a stable and repeating effect of giant 

magnetoresistance in a wide temperature range. 

Experimental results and their discussion. Obtain-

ing method and radiograph. Three compositions  

of HoXMn1-XS were prepared; they are shown in tab. 1 

in atomic%. 

HoXMn1-XS crystals were grown by crystallization 

from a melt of the obtained powder sulfides with a purity 

of at least 99.9 %, in glassy carbon crucibles and a quartz 

reactor in an argon atmosphere; NH4CNS was used as 

sulfiding reagents. The calculated mixture of oxides in a 

glassy carbon boat was placed in a quartz tube. After the 

air was displaced by argon and the decomposition prod-

ucts of ammonium thiocyanate, the furnace was turned on 

from a separate reactor. The synthesis was carried out in 

two stages: heating the mixture to 500 °C with keeping at 

this temperature for 1 hour; after grinding – repeated sul-

fiding for 3 hours at 7500–8000 °C. For completeness of 

sulfiding and homogenization of the resulting powder 

sulfide, annealing was carried out for 30 hours in a sulfid-

ing atmosphere at 800 °С with repeated grinding of sul-

fides. The completeness of sulfidation was controlled by 

X-ray phase analysis and weight control. 

For crystallization from sulphide melt, high-frequency 

heating of a graphite crucible 10 mm in diameter filled 

with 6–7 g of sulphide powder was used. A quartz reactor 

with a crucible was pulled at a speed of 0.5 to 1 cm / h 

through a single-turn inductor. The inert atmosphere in 

the reactor was maintained with argon. To obtain a sul-

phide melt, the necessary parameters of the power sup-

plied to the inductor were determined experimentally. As 

a result of the synthesis, substances were obtained in the 
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form of dense ingots. The obtained samples were homo-

geneous in composition and were used for physical meas-

urements. 

According to the results of X-ray diffraction analysis, 

the holmium-manganese sulfides HoXMn1-XS have a 

NaCl-type fcc lattice [18]. With an increase of the degree 

of cationic substitution, the unit cell parameter a increases 

(fig. 1). No accompanying impurity phases were found in 

the synthesized samples. 

Magnetization and magnetoresistance. The replace-

ment of manganese with holmium ions leads to a signifi-

cant change of the magnetic properties of the samples of 

the holmium-manganese system HoXMn1-XS. A sharp 

decrease in the paramagnetic Curie temperature as a result 

of the competition of exchange interactions and a de-

crease in the effective magnetic moment occurs. The mi-

croscopic mechanism of a decrease of exchange and mag-

netic moment is associated with a change in the electronic 

structure of manganese ions interacting with holmium 

ions. Ferromagnetic exchange interaction between man-

ganese and holmium ions leads to an increase in the mag-

netic susceptibility with decrease of the temperature.  

The competition of exchange interactions results in 

two possible variants: the disappearance of long-range 

magnetic order with the formation of a spin glass state 

[19; 20], or preservation of magnetic order in one of the 

spin components and with frozen transverse spin compo-

nents (asperromagnetic state) [21; 22]. To determine the 

nature of this state, we are to measure the magnetic mo-

ment at several frequencies. 

In the spin glass state, the time during which thermo-

dynamic equilibrium is set depends on the temperature; 

the magnetic characteristics depend on the measurement 

frequency. The magnetic moment in an alternating  

magnetic field, shown in fig. 2, below T = 30 K depends 

on the frequency. Thus, the relative change of Re  

(M (ω = 10 kHz) –M (ω = 100 Hz)) / Re (M (ω = 100 Hz)) 

increases with the holmium concentration growth and Re 

(M (T)) reveals its maximum at T = 5 K, which is missing 

in HoS.  

 

 
Table 1 

 

Composition Ho, % Mn, % S, % 

I 10 40 50 

II 17.5 32.5 50 

III 20 30 50 
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Fig. 1. The lattice constant of holmium-manganese sulfide HoXMn1-XS  

versus concentration and x-ray for x = 0.3 

 

Рис. 1. Постоянная решетки гольмий-марганцевого сульфида HoXMn1-XS  

от концентрации и рентгенограмма для х = 0,3 
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Fig. 2. The Real part of the magnetic permeability (a, b, c) and the imaginary part (d, e) of the temperature  

for HoXMn1-XS with x = 0.3 (a, d), 0.1 (b, e), 0.05 (c) at three frequencies ω = 1 kHz (1), 10 kHz (2), 100 kHz (3) 

 

Рис. 2. Реальная часть магнитной проницаемости (a, b, c) и мнимая часть (d, e) от температуры  

для HoXMn1-XS с х = 0,3 (а, d), 0,1 (b, e), 0,05 (c) на трех частотах ω = 1 kHz (1), 10 kHz (2), 100 kHz (3) 

 

 

The imaginary part is practically independent from 

temperature and has the value Im (M (T)) ~ 10–7 for  

concentrations x ≤ 0.1 and Im (M (T)) is qualitatively  

different in the low-temperature range (fig. 2, d) for  

a composition with x = 0.3. The quantity Im (M (T)), 

which characterizes the decay of the magnetic moment, 

increases with temperature decreasing, and the derivative 

dIm (M) / dT passes through a maximum at T = 39 K at  

a frequency of ω = 1 kHz, at T = 44 K for ω = 10 kHz.  

An increase in the temperature of the maximum of the 

derivative of the imaginary part of the magnetic moment 

with frequency increasing is also connected with the for-

mation of metastable states and is a characteristic feature 

of spin-glass behavior. It is possible that the spin relaxa-

tion mechanism is connected with the exchange interac-

tion of localized and delocalized electrons, and the energy 

from the spin system is converted into the kinetic energy 

of current carriers [23; 24]. 

Replacement of manganese with a rare earth element 

in ReXMn1-XS (Re = Gd, Sm, Ho) compounds [25; 26] 

will result in a shift of the f-level. Several variants are 

possible in this case, the f-level falls into the conduction 

band, and the electron passes from the Re ion not to the d-

level of the rare-earth ion, but to the conduction band, 

remaining connected with the donor. If the concentration 

of such centers is low, less than the critical concentration 

for impurity band or the percolation threshold formation, 

then the substance will remain a semiconductor. If the  

f-level is located in the forbidden band near the chemical 

potential, extremum may appear in the temperature  

dependence of the resistance when the chemical potential 

is shifted with temperature increase [27; 28]. 

Substitution of manganese by a trivalent ion will cause 

electron doping and may induce orbital ordering [29–31], 

which will result in the splitting of the electron density of 

states. Depending on the location of the Fermi level rela-

tive to the split density of states, the electrical resistivity 

can change several times [32; 33]. 

In fig. 3, 4 the temperature dependences of the electri-

cal resistance measured without and in a magnetic field 

are shown. The magnetoresistance is determined by the 

formula,  

( 0) ( 0)
100 %

( 0)

ex
H

H H

H

   
  

 
, 

where  (Н = 0) ) is the electrical resistance in a zero 

magnetic field,  (Н  0) is the electrical resistance in a 

given magnetic field. 

The magnetoresistance for compositions with х = 0.05 

and х = 0.1 indicates that in the synthesized substances in 

the temperature range 100 K – 300 K, the effect of giant 

negative magnetoresistance is observed with the maxi-

mum effect of GMR in a magnetic field H = 8 kOe; the 

value of H, % is –100 and –80 %, respectively. 

Tab. 2 shows the main physical characteristics of the 

HoXMn1-XS holmium-manganese sulfide system. 
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Fig. 3. Resistance HoXMn1-XS with x = 0.1 measured without a field (2)  

and in a magnetic field H = 8 kOe (1) (a). Magnetoresistance at temperature (b) 

 

Рис. 3.  Сопротивление HoXMn1-XS с х = 0,1, измеренное без поля (2) и в магнит-
ном поле Н = 8 kOe (1) (а). Магнитосопротивление от температуры (b) 
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Fig. 4. Resistance HoXMn1-XS with x = 0.05 measured without 

a field and in a magnetic field H = 8 kOe 

 

Рис. 4. Сопротивление HoXMn1-XS с х = 0,05, измеренное  
без поля и в магнитном поле Н = 8 kOe 
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Table 2 
 

HoXMn1-XS a, nm –Θ, K TN, K H, % 

(H = 8 kOe) 

ρ, Ом·см 

T = 300 K 

H = 0 

I (X = 0.05) 0.5242 140 145 100 2·107 

II (X = 0.1) 0.5256 100 134 80 3·105 

III (X = 0.2) 0.5303 60 112 30 104 
 

Where a, nm is the crystal lattice parameter; Θ, K – paramagnetic Curie temperature; Ea, eV – activation energy; TN, K is the 

Neel temperature; H, % – magnetoresistance; ρ, Ohm cm – resistivity at 300 K. 
 

 

Conclusion. The replacement of manganese with 

holmium leads to a sharp decrease in the paramagnetic 

Curie temperature as a result of the competition of ex-

change interactions in the solid solution and to a reduction 

of the effective magnetic moment in the concentration 

range 0 < X < 0.1. The microscopic mechanism of ex-

change and magnetic moment decrease is connected with 

the change of the electronic structure of manganese ions 

interacting with holmium ions. Ferromagnetic exchange 

interaction between manganese and holmium ions causes 

an increase of the magnetic susceptibility with decreasing 

temperature in the magnetically ordered phase. The fre-

quency dependence of the magnetic permeability at low 

temperatures and the maximum of the imaginary part of 

the magnetic permeability for X = 0.3, which is connected 

with freezing of the transverse spin components, is found. 

In solid solutions HoXMn1-XS, a sharp maximum in 

the conductivity with respect to temperature is found, 

which shifts towards low temperatures in a magnetic 

field. A change in the sign of the magnetoresistance is 

reviled with an increase in temperature below and above 

room temperature. The results obtained can be used as 

perspective materials for spintronic, as components of 

sensor technology, magnetic memory based on the GMR 

effect for a wide range of temperatures and magnetic 

fields. 
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